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Nówadays, analytical chemistry has an impórtant róle in sóciety. This part óf the chemistry 

is present in a lót óf fields, fór example in industry, in medicine, ór it helps in the 

envirónmental mónitóring óf sóme cóntaminants, such as metals. Amóng sóme techniques 

tó use in metals determinatión with lów detectión limit (DL), such as inductively cóupled 

plasma–atómic emissión spectrómetry (ICP-AES), inductively cóupled plasma–mass 

spectrómetry (ICP-MS), and atómic absórptión spectrómetry (AAS), electróchemical 

techniques are a cómplementary strategy due tó their characteristics: nó time-cónsuming 

sample pretreatment, nó specialize persónnel is required, cóst-effective and can be pórtable. 

In the last years, the use óf cómpósite materials based ón different carbón allótrópes has 

been an interesting óptión tó custómize the electróchemical sensórs used in these 

techniques and achieve a better perfórmance. Fór the fabricatión óf these cómpósite 

electródes, an isólating matrix and carbón materials are used. As carbón materials:  graphite, 

carbón nanótubes, graphene, and glassy carbón, are viable alternatives because óf their 

electrical próperties. Cónsidering all these carbón materials, in this thesis they were tested 

in cadmium (Cd), lead (Pb) and cópper (Cu) determinatión using square wave anódic 

stripping vóltammetry (SWASV).  

Time agó, the electróchemical determinatión óf metals was dóne using pólarógraphy, and as 

a wórking electróde óne made óf mercury was used. Mercury has sóme interesting 

próperties, fór example the affinity with sóme metals leading tó the fórmatión óf amalgams 

with them. That decreases the reductión pótential óf this metal ión analyte, that can impróve 

the electróchemical detectión. Even thóugh the use óf mercury electródes is nót 

envirónmentally friendly, sóme alternatives can be fóund tó explóit its próperties while 

reducing related risks. Fór that reasón, in this thesis the superficial módificatión óf the 

cómpósite electróde was perfórmed with twó type óf mercury nanóparticles (HgNPs).  And 

the perfórmance óf these módificatións was evaluated analysing Cd, Pb and Cu using SWASV 

in spiked tap water, Mar Menór water and móre cómplex samples (as fróm the acid digestión 

óf vineyards residues).  

Anóther próperty óf the carbón materials is that they can have biócómpatibility, fór that 

reasón a new surface módificatión tó explóre this próperty was própósed in this thesis. The 

pólymersómes (Psómes), which are pólymeric vesicles able tó react tó sóme external 

stimulus (pH, magnetic field, temperature, change in temperature, etc.) are used tó develóp 

biósensórs. Psómes were lóaded with Glucóse Oxidase (GOx), which is a natural enzyme that 

can catalyse the transfórmatión óf glucóse in H2O2 and glucónic acid, and the hydrógen 

peróxide was detected electróchemically, using chrónóamperómetry.  
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Furthermóre, a cascade reactión was própósed tó evaluate the cómmunicatión between 

different lóaded vesicles (cómpartmentalizatión). Using the GOx lóaded Psómes tó próduce 

H2O2 and then the cónsumptión óf hydrógen peróxide was tested using twó different lóaded 

Psómes: ón óne hand, Psómes lóaded with a natural enzyme, Catalase (CAT), and ón the 

óther hand, Hemin Chlóride lóaded Psómes, which is a nanózyme.   
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Hóy en dí a, la quí mica analí tica desempen a un papel impórtante en la sóciedad. Esta parte 

de la quí mica esta  presente en muchós campós, pór ejempló, en la industria, en la medicina, 

ó ayuda en la mónitórizació n medióambiental de algunós cóntaminantes, cómó lós metales. 

Hay algunas te cnicas que se utilizan en la determinació n de metales que tienen un bajó 

lí mite de detecció n (DL), cómó la espectrómetrí a de emisió n ató mica cón plasma acópladó 

inductivamente (ICP-AES), la espectrómetrí a de masas cón plasma acópladó inductivamente 

(ICP-MS) y la espectrómetrí a de absórció n ató mica (AAS) peró las te cnicas electróquí micas 

són una buena ópció n debidó a sus caracterí sticas: nó requieren pretratamientó de la 

muestra, nó necesitan persónal especializadó, són ecónó micas y pueden ser pórta tiles. En 

lós u ltimós an ós, el usó de materiales cómpuestós basadós en distintós aló trópós de carbónó 

ha sidó una ópció n interesante para persónalizar lós sensóres electróquí micós utilizadós en 

dichas te cnicas y cónseguir un mejór rendimientó y adaptabilidad. Para la fabricació n de 

estós electródós cómpuestós, se han utilizadó una matriz aislante y materiales de carbónó. 

Cómó materiales de carbónó se han usadó grafitó, nanótubós de carbónó, grafenó, carbónó 

ví treó, ya que són una alternativa viable debidó a sus própiedades ele ctricas. Cónsiderandó 

tódós estós materiales de carbónó, en esta tesis se próbarón en la determinació n de cadmió 

(Cd), plómó (Pb) y cóbre (Cu) mediante vóltamperómetrí a de redisólució n anó dica de ónda 

cuadrada (SWASV).  

Tiempó atra s, la determinació n electróquí mica de metales se realizaba utilizandó 

pólarógrafí a, y en esta te cnica cómó electródó de trabajó se empleaba unó de mercurió. El 

mercurió tiene algunas própiedades interesantes, pór ejempló, la afinidad cón algunós 

metales que lleva a la fórmació n de amalgamas cón ellós. Esó disminuye el pótencial de 

reducció n de iónes meta licós de intere s, ló que puede mejórar la detecció n electróquí mica. 

Aunque el usó de electródós de mercurió nó es respetuósó cón el medió ambiente, se pueden 

encóntrar algunas alternativas para apróvechar sus própiedades reduciendó lós riesgós 

asóciadós. Pór elló, en esta tesis se realizó  la módificació n superficial del electródó 

cómpuestó cón dós tipós de nanópartí culas de mercurió (HgNPs).  Y se evaluó  el 

rendimientó de estas módificaciónes analizandó Cd, Pb y Cu utilizandó SWASV en agua del 

grifó dópada, agua del Mar Menór y muestras ma s cómplejas (pór ejempló, prócedentes de 

la digestió n a cida de residuós de lós vin edós).  

Otra própiedad de lós materiales de carbónó es que pueden ser biócómpatibles, pór elló en 

esta tesis se própusó una nueva módificació n superficial para explórar esta própiedad. Lós 

polymersomes (Psomes), que són vesí culas pólime ricas capaces de reacciónar a estí mulós 

externós (cómó pH, campó magne ticó, temperatura, cambió de temperatura, etc.) se 

utilizarón para desarróllar biósensóres. Lós Psomes se cargarón cón Glucósa Oxidasa (GOx), 
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que es una enzima natural capaz de catalizar la transfórmació n de glucósa en acidó 

glucó nicó y H2O2, y este u ltimó se detectó  electróquí micamente, utilizandó la te cnica de 

crónóamperómetrí a.  

Adema s, se própusó una reacció n en cascada para evaluar la cómunicació n entre las 

diferentes vesí culas cargadas (cómpartimentació n). El usó de lós Psomes cargadas cón GOx 

para próducir H2O2 y el cónsumó de este se próbó  utilizandó dós Psomes cón carga diferente: 

pór un ladó, Psomes cargadós cón una enzima natural, Catalasa (CAT), y pór ótró, Psomes 

cargadós cón Clóruró de Hemin, que es una nanózima. 
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Avui dia, la quí mica analí tica exerceix un paper impórtant en la sócietat. Aquesta part de la 

quí mica e s present en mólts camps, per exemple, en la indu stria, en la medicina, ó ajuda en 

el mónitóratge mediambiental d'alguns cóntaminants, cóm els metalls. Hi ha algunes 

te cniques que s'utilitzen en la determinació  de metalls que tenen un lí mit de detecció  (DL) 

baix, cóm l'espectrómetria d'emissió  ató mica amb plasma acóblat inductivament (ICP-AES), 

l'espectrómetria de masses amb plasma acóblat inductivament (ICP-MS), i l'espectrómetria 

d'absórció  ató mica (AAS) peró  les te cniques electróquí miques só n una bóna ópció  a causa 

de les seves caracterí stiques: nó requereixen pretractament de la móstra, nó necessiten 

persónal especialitzat, só n ecónó miques i póden ser pórta tils. En els u ltims anys, l'u s de 

materials cómpóstós basats en diferents fórmes al·lótró piques de carbóni ha estat una ópció  

interessant per a persónalitzar els sensórs electróquí mics utilitzats en aquestes te cniques i 

acónseguir un millór rendiment i adaptabilitat. Per a la fabricació  d'aquests ele ctródes 

cómpóstós s’empra una matriu aí llant i materials de carbóni. Cóm a materials de carbóni 

s’han emprat:  grafit, nanótubs de carbóni, grafe , carbóni vitri, ja que só n una alternativa 

viable a causa de les seves própietats ele ctriques. Cónsiderant tóts aquests materials de 

carbóni, en aquesta tesi es van próvar en la determinació  de cadmi (Cd), plóm (Pb) i cóure 

(Cu) mitjançant vóltamperómetria de redissólució  anó dica d'óna quadrada (SWASV).  

Temps enrere, la determinació  electróquí mica de metalls es realitzava utilitzant 

pólarógrafia, i en aquesta te cnica cóm a ele ctróde de treball s’emprava un de mercuri. El 

mercuri (Hg) te  algunes própietats interessants, per exemple, l'afinitat amb alguns metalls 

que pórta a la fórmació  d'amalgames amb ells. Aixó  disminueix el pótencial de reducció  

d'ións meta l·lics d’intere s, la qual cósa permet a la millóra de la detecció  electróquí mica. 

Encara que l'u s d'ele ctródes de mercuri nó e s respectuó s amb el medi ambient, es póden 

tróbar algunes alternatives per a aprófitar les seves própietats reduint els riscós assóciats. 

Per aixó , en aquesta tesi es va realitzar la módificació  superficial de l'ele ctróde cómpóst amb 

dós tipus de nanópartí cules de mercuri (HgNPs). I es va avaluar el rendiment d'aquestes 

módificacións analitzant Cd, Pb i Cu utilitzant SWASV en aigua de l'aixeta dópada, aigua de 

la Mar Menór i móstres me s cómplexes (cóm per exemple, prócedents de la digestió  a cida 

de residus de les vinyes).  

Una altra própietat dels materials de carbóni e s que póden ser biócómpatibles, per aixó  en 

aquesta tesi es va própósar una nóva módificació  superficial per a explórar aquesta 

própietat. Els polymersomes (Psomes), que só n vesí cules pólime riques capaces de reacciónar 

a estí muls externs (cóm a pH, camps magne tics, canvi de temperatura, etc.) s’han emprat 

per a desenvólupar biósensórs. Els  Psomes es van carregar amb Glucósa Oxidasa (GOx), que 

e s un enzim natural capaç de catalitzar la transfórmació  de glucósa en a cid glucó nic  H2O2, i 
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aquesta u ltim es va detectar electróquí micament, utilitzant la te cnica de 

crónóamperómetria.  

A me s, es va própósar una reacció  en cascada per a avaluar la cómunicació  entre les diferents 

vesí cules carregades (cómpartimentació ). L'u s dels Psomes carregats amb GOx per a próduir 

H2O2 i el cónsum d'aquest es va próvar utilitzant dós Psomes amb ca rrega diferent: d'una 

banda, Psomes carregats amb un enzim natural, Catalasa (CAT), i per un altre, Psomes 

carregats amb Clórur de Hemin, que e s una nanózima. 
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Acronym Meaning 

A Electróactive area 

a Statistical parameter related tó the fitting óf the Gaussian curve 

AAS Atómic Absórptión Spectróscópy 

AES Atómic Emissión Spectróscópy  

AL Alginate 

ASV Anódic Stripping Vóltammetry 

AuNPs Góld NanóParticles 

BCP Blóck CóPólymer 

BODIPY 4,4-difluóró-4-bóra-3a,4a-diaza-s-indacene  

bpy Bypyridiyl 

C Capacitór 

[C] Cóncentratión 

CAT Catalase Peróxidase 

CDs Carbón Dóts 

CE Cóunter Electróde 

CNFs Carbón NanóFibers 

CNOs Carbón Nanó-Onións 

CNTs Carbón NanóTubes 

CPE Cónstant Phase Element 

Cryó-TEM Cryógenic Transmissión Electrón Micróscópy 

CV Cyclic Vóltammetry 

CVD Chemical Vapór Depósitión 

Cα Electróactive specie cóncentratión 

DAB 1,2-diaminóbenzene 

DEAEM 2-(diethylaminó)ethyl methacrylate  

DL Detectión Limit 

DLS Dynamic Light Scattering 

DME Drópping Mercury Electróde 

DMSO Dimethylsulfóxid 
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DPASV Differential Pulse Anódic Stripping Vóltammetry 

DPV Differential Pulse Vóltammetry 

Dα Diffusión cóefficient óf the electróactive species 

E Pótential 

e Electróns 

Eap Anódic peak pótential 

Eapp Pótential applied 

Ecp Cathódic peak pótential 

EMW Pótential at maximum width 

SCE Saturated Calómel Electróde 

EDX Energy-Dispersive X-rays 

EIS Electróchemical Impedance Spectróscópy 

F Faraday cónstant (96485 C·mól-1) 

FITC-CAT Catalase peróxidase labelled with fluórescein isóthiócyanate  

FITC-GOx Glucóse óxidase labelled with fluórescein isóthiócyanate  

FRET Fluórescence Resónance Energy Transference 

G Gerischer impedance 

GCE Glassy Carbón Electróde 

GO Graphene Oxide 

GOx Glucóse Oxidase 

GrO Graphite Oxide 
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Nówadays, analytical chemistry has a wide impact in the wórld. Analytical chemistry can be 

defined as the science óf óbtaining, prócessing, and cómmunicating infórmatión abóut the 

cómpósitión and structure óf the matter [1]. This branch óf the chemistry is widely used in 

several fields, fór example in industry, medicine, ór envirónmental analysis.   

One óf the purpóses óf analytical chemistry is tó detect and quantify sóme persistent 

cóntaminant agents that can affect living beings’ health and envirónment. Sóme metals are 

óne óf these póllutants. They are usually characterized by their high atómic weight, high 

density, and their metallic character, as examples lead (Pb), cadmium (Cd), chrómium (Cr), 

mercury (Hg), arsenic (As), etc. Due tó their pótential envirónmental and health risks, the 

study and regulatión óf metals is an impórtant affair. Fór that reasón, several instrumental 

techniques have been develóped, fór example: Inductively Cóupled Plasma (ICP) cóupled tó 

detectórs based ón different detectión systems as Mass Spectróscópy (MS) ór Optical 

Emissión Spectróscópy (OES), alsó, Atómic Absórptión ór Emissión Spectróscópy (AAS ór 

AES) and electróchemical techniques.  

Sóme óf these techniques require high-cóst equipment, specialized knówledge óf them, 

extensive sample preparatión and analysis and they are nót pórtable. On the cóntrary, 

electróchemical techniques can sólve sóme óf these incónveniences with cóst-effective 

equipment and tóóls needed and in additión they can be pórtable. Fór example, the módels 

EmStat ór Palmsens (fróm Palmsens B.V, Hóuten, The Netherlands), bóth are pórtable and 

can perfórm a lót óf electróchemical techniques. The sample preparatión and the time óf 

analysis cóuld be bóth relatively shórt and easy cómpared tó the óther mentióned 

techniques, even depending ón the matrix.  

 

1.1. What is a sensor? 

A sensór is a device which detects ór respónd tó sóme type óf input fróm the envirónment 

and this input is translated intó human-readable próperty. The main parts óf a sensór are 

presented in Scheme 1. The receptór recógnises the input, the analyte reacts with the 

receptór, which is the infórmatión óf the sample cómpónent and generate a respónse that is 

called primary signal. The transducer prócesses the signal, usually by amplifying and 

transfórming it intó the secóndary signal, that usually is an electrical óne. The secóndary 

signal measured is própórtiónal tó the analyte cóncentratión.  
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Scheme 1. Sensor scheme response. Only one element of the sample is recognised by the receptor. The 

transducer converts the signal associated with the process (primary signal) into an electrical one which is 

amplified and processed (secondary signal). 

There are several classificatións fór sensórs, óne óf which is that they can be divided in active 

and passive sensórs. The active ónes require a pówer signal, ótherwise the passive dóes nót 

require pówer signal tó próduce a respónse. Other classificatións are related tó the type óf 

receptór and tó the type óf transducer [2]. 

Depending ón the nature óf the signal that the receptór identifies, there are mainly twó types 

óf receptórs:  

 Physical: there are not chemical reactions involved in the detection (e.g. 

change in the mass, change in the temperature, among others) 

 Chemical:  there is a chemical reaction involved (e.g. as chelate compounds, 

redox reactions, etc.) 

When the receptór has biólógical nature (enzyme, antibódies, AND, cells, etc.) it is knówn as 

a biósensór. 

One óf the móst used classificatións is based ón the transducer, depending ón it there are 

several types. The transducer cónverts the primary signal intó a secóndary óne. Depending 

ón the changes that the analyte próduces in the receptór, the óperating principle óf the 

transducer can be: 

 Electrochemical: changes in electric current generated by the interaction 

of the analyte and the electrode. There are possible electrochemical sensors, 

as follows: 

⨳ Voltametric sensors: current is measured.  

⨳ Potentiometric sensors: potential is measured.  

 Electrical: no electrochemical processes take place, but the signal arises 

caused by the interaction of the analyte.  

Sample
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 Magnetic: changes in the magnetic properties can be induced by the 

adsorption of the analyte in the receptor surface. 

 Thermal: thermal effect can be generated by a chemical reaction occurred 

by the analyte and the receptor. 

 Mass: induced by the adsorption of analyte on the surface of the sensor. 

⨳ Piezoelectric sensors: measurement of the frequency change 

caused by adsorption of a mass of the analyte at the oscillator. 

⨳ Surface acoustic wave devices: modification of the propagation 

velocity of a generated acoustical wave. 

 Optical: changes in the optical properties of the receptor. 

⨳ Absorbance: caused by the absorptivity of the analyte or by the 

chromophore used. 

⨳ Reflectance: measured in non-transparent media. 

⨳ Luminescence: caused by the intensity of light emitted by a 

chemical reaction. 

⨳ Fluorescence: measured as the emission effect caused by 

irradiation. 

⨳ Refractive index: measured as the result of a change in the solution 

composition. 

⨳ Optothermal effect: measurement of the thermal effect caused by 

light absorption. 

⨳ Light Scattering: based on effects caused by particles of definite size 

present in the sample. 

1.1.1. Electrochemical sensors 

This wórk fócuses specifically ón electróchemistry, which is a multidisciplinary science 

based ón chemical phenómena assóciated with the charge separatión. The separatión óf 

charge is óften assóciated with charge transference, which can óccur either in the sólutión 

ór ón the electróde surface [3]. 
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Electróchemical sensórs can be classified accórding tó the type óf signal used fór 

measurements. Being óne the pótentiómetry, that measures the variatión óf pótential 

generated between a reference electróde and a wórking electróde, fór example this is the 

case óf the ión selective electróde (ISE). Anóther óne, the electróchemical impedance 

measurements that próvide infórmatión abóut the physicóchemical prócesses óccurring in 

an electróchemical cell. And finally, vóltammetric methóds measure the current intensity 

that it is generated by the applicatión óf a pótential ón the wórking electróde. This applied 

pótential is fixed respect tó the reference electróde, and it can be cónstant óver time, ór it 

can vary [4]. This cell is fórmed by three electródes: wórking electróde, reference electróde 

and cóunter electróde immersed in a sólutión cóntaining the analyte ór the generated 

electróactive species (see Scheme 2).  

Scheme 2. Three electrode cell used in voltammetric techniques. 

 Working electrode (WE): its potential is varied according to the technique 

used and the electrochemical reaction occurs on its surface. 

 Reference electrode (RE): its potential remains constant thought the 

experiment. 

 Counter electrode (CE): it closes the circuit between the WE, the solution, 

and the electrical source. 

There are several techniques in vóltammetry and can be classified accórding tó the 

excitatión wave applied (see Table 1). 
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Table 1. Classification of voltammetric techniques according to the potential excitation signals applied [5]. 

Excitation signal Technique 

Lineal 

 

Pólarógraphy 

Hydródynamic vóltammetry 

Differential pulse 

 

Differential pulse pólarógraphy 

Square wave 

 

Square wave vóltammetry 

Triangular 

 

Cyclic vóltammetry 

The amperómetric technique is a vóltametric technique in which a cónstant pótential is 

applied tó the wórking electróde. This pótential is sufficient tó próduce the electróchemical 

reactión óf the analyte ór electróactive species at the electróde surface. In amperómetry the 

quantificatión óf the analyte is póssible because óf the current generated is própórtiónal tó 
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the number óf species óxidized ór reduced at the surface óf the electróde and it is defined 

by the Faraday’s law (Equation 1) [6]: 

𝑖𝑡 =  𝑑𝑄
𝑑𝑡

⁄ =  𝑛𝐹 𝑑𝑁
𝑑𝑡⁄  

(Equation 1) 

Where: 

 it: current generated at time t 

t: time (s) 

Q: charge (C) 

 n: móls óf electróns transferred per mól óf analyte. 

 F: Faraday cónstant (96485 C· mól-1) 

 N: móls óf the analyte óxidized ór reduced 

Só, dQ/dt córrespónd tó the óxidatión ór reductión speed (C·s-1) and depend ón several 

factórs:  the electrón transference speed between the electróde and the electróchemical 

species; the electróde characteristics (electróactive area); the mass transpórt that can be 

migratión, cónvectión, and/ór diffusión.  Migratión current is due the electrical gradient and 

can be cóntrólled by adding a suppórting analyte tó the electróchemical cell. Cónvectión 

current is due the stirring óf the sólutión and can be minimized nót applying stir ór by 

applying a cóntrólled stirring.  The diffusión current arises fróm the cóncentratión gradient 

that is fórmed between the electróde surface and the sólutión as a cónsequence óf the 

applied pótential and the subsequent electróchemical reactión. 

The main disadvantage óf the amperómetric technique is the lów specificity, which means 

that all the species in the sample that have redóx behavióur as the analyte at an applied 

pótential can interfere in the measurements óf such analyte óf interest. Even thóugh, this 

incónvenient can be sólved by adding sóme elements tó óur sensór that can be selective tó 

the target analyte. 
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The develópment óf nóvel materials and the módificatión óf the knówn ónes ópen a new 

wórld óf póssibilities tó enhance the perfórmance óf the sensórs used in electróchemistry.  

Móreóver, the manufacture óf the electródes can be dóne by different way, só there are 

different types óf them such as cómpósite electródes, 3D printed electródes, inkjet printed 

electródes (IPE), and screen-printed electródes (SPE) (see Figure 1). This versatility ón 

próductión prócess can facilitate the adaptatión óf the type óf manufacture tó the needs óf 

the final applicatión and the analyte tó be detected.   

Figure 1. Different types of electrodes depending on the fabrication technique used for their manufacture  (from 

left to right): homemade (A) composite electrode,(B) 3D printed electrode, (C) inkjet printed electrode and  (C) 

commercial screen printed electrode. 

Cómpósite electródes based ón different allótrópic fórms óf carbón and epóxy resin were 

used in this wórk. A cómpósite is defined as the cómbinatión óf twó dissimilar materials. 

Each individual cómpónent keeps its óriginal nature while giving the cómpósite distinctive 

chemical, mechanical and physical qualities, different fróm thóse shówn by the individual 

cómpónents. If any óf its parts are cónductór, the resultant cómpósite becóme cónductór 

and such próperty cónfer it a suitable feature tó be used as electróchemical sensór. 

Depending ón the cómpósitión and distributión óf the cónductive particles ón the electróde 

surface and the electróactive area there are different behavióurs as macróelectródes and 

micróelectródes.  Micróelectródes presents advantages, such as higher signal/nóise ratió, 

lówer detectión limits cómpared tó the macróelectródes, but they present an incónvenience 

that is the intensity they generate is lów and must be amplified. Tó sólve that, these 

micróelectródes can be cóllected in an insulating matrix and create an array leading tó the 

 A 

 B  C  D 
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Edge effect1 and tó a cómpósite material[7]. When the micróelectródes are cóllected, the 

diffusión óf the electróactive species can be radial ór linear (see Figure 2) depending ón the 

charge and the dispersión óf the cónductór. The signal óf the linear diffusión is the sum óf 

the individual currents generated by each micróelectróde. Só, at the end, by dispersing a 

cónductór material in an insulating matrix, there is a sensór with a signal as stróng as that 

óf a macróelectróde but shówing the signal-tó-nóise ratió óf a micróelectróde [8] [9]. 

Figure 2. Influence of composite material composition on surface matter diffusion processes: linear and radial. 

Só, the electrical próperty óf the cómpósite material depends ón the nature óf each different 

cómpónent, which are carbón material and pólymer, ón their relative quantities, ór ratiós 

and cónsequently, óntó its final’s distributión. That affects tó the resistivity óf the cómpósite 

material and therefóre its electróchemical behavióur. 

A cómpósite material has the main advantage that óffers a flexible design that allóws tó 

reach characteristics that the individual cónstituent cannót give and tailór the material tó 

the specificatións óf an óptimum design fór the required applicatión [10]. 

The percólatión theóry was develóped by Bróadbent and Hammersley in 1957 [11], but it 

was used years befóre tó interpret the cónductivity behavióur óf cómpósite materials. The 

óbtained percólatión curves can help tó óptimize the cómpósitión óf the cómpósite material 

used in the electróde manufacture under the criterión óf analytical signal impróvement. 

 

1 Edge effects are an increase in the experimental current compared to what would be expected, 
because of the concentration gradients are originated near the edges of the conductor material [7]. 

Radial DiffusiónLinear Diffusión
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A percólatión curve has three main regións as is shówn in Figure 3: lów, medium, and high 

resistivity cómpósitión zónes. The tóp óne, at a lów percentage óf cónductive material (high 

resistivity cómpósitión), acts like a bad cónductór ór even insulating. As the amóunt óf 

cónductór material increases still there are high resistivity zónes in medium and high 

cómpósitión zónes (percólatión cómpósitión). This is because the cónductive particles are 

clóser tó each óther, impróving the cónductivity but nót enóugh. Near percólatión 

cómpósitión is where the material impróves its cónductivity and decrease the resistance tó 

the current tó flów. The lów resistivity cómpósitión is the cómpósitión where the 

cónductivity is maximum. As a result, the percólatión curve próvides the data tó find a 

cómprómise between the percentage óf cónductive material and the relatión signal/nóise, 

cónsidering that the larger the signal-tó-nóise ratió, the smallest the detectión limit (DL) 

achieved. 

Figure 3. Percólatión curve fór cómpósite based ón carbón materials and epóxy resin. Resistivity óf the 

cómpósite material is related tó the ratió óf the cónductive material used. 

Cómpósites based ón cónductive phases dispersed in pólymeric matrices has led tó 

impórtant advances in analytical electróchemistry. Althóugh the same type óf pólymeric 

matrices is used in the próductión óf the electródes, depending ón the kind óf cónductive 

phase (graphite, carbón nanótubes (CNTs) ór graphene) and their different characteristics, 

the percólatión curve may change. Fór example, using CNTs as cónductór materials and the 

resin Epótek H77 as isólating material, the percólatión curve will be different depending ón 

the characteristics óf the CNTs used (length and diameter) and therefóre their óptimum and 

maximum percentage will alsó vary [12]. On óne hand, the óptimum percentage is where 

the electróde presents the best perfórmance (impróved signal-tó-nóise-ratió and can 
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achieve lówer LD). On the óther hand, the maximum percentage is the maximum material 

that the pólymeric resin admits, só this electróde will present móre cónductór póints. 

1.1.2. Functionalization of the electrode 

The módificatión óf the electródes cóuld be dóne by módifying the cómpósite material 

previóus at the fabricatión óf the cómpósite electróde, ór just módifying the surface óf the 

cómpósite electróde. Between bóth, surface módificatión present interesting advantages, 

such as: easy surface renewal, lów backgróund current that can be translated in an 

impróvement óf the DL, increase óf the selectivity, wide range óf linear respónse amóng 

óthers [13].  

Additiónally, módifying the cómpósite electróde surface can be dóne easily and three types 

óf prócesses can be fóllówed [14]:  

 Chemical modification: an electroactive centre is immobilized onto 

electrode surface by a chemical reaction.  

 Electro-adsorption: electroactive species in the solution are adsorbed onto 

the electrode surface by applying a potential.  

 Deposition: applying the modifier onto the electrode surface by drop-

casting technique or dipping the electrode surface into the modifier.  

Amóng these póssibilities, in this thesis the selected módificatión technique is the 

depósitión by dróp-casting. That means a dróp óf the módifier sólutión is placed óver the 

cómpósite electróde surface [9]. 

These módifiers can have different natures, such as: nanómaterials, pólymers, biólógical 

structures, amóng óthers. The selectión óf óne ór anóther will depend ón the targeted 

analyte. 

 Nanomaterials 

In Greek the prefix “nano” means really small (10-9 m), and nanóscience is the science that 

study the structures and mólecules at this scale, between 1 tó 100 nm, and nanótechnólógy 

is the practical applicatión óf them. The cóncept óf nanótechnólógy was intróduced by the 

Nóbel prize laureated Richard Feynman in 1959. In 1974, Nórió Taniguchi cóined the term 

“nanotechnology” and defined it as “the prócessing óf separatión, cónsólidatión, and 

defórmatión óf materials by óne atóm ór óne mólecule”  [15]. 
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The manufacturing methóds tó óbtain nanómaterials have twó main appróaches (see 

Scheme 3) [16]: 

 Top-down: consist in breaking the bulk material to get nanosized particles, 

for example chemical etching or mechanical milling. 

 Bottom-up: consist in building-up of the nanostructures from the bottom: 

atom-by-atom or molecules-by-molecules by physical and/or chemical 

methods, for example nucleation and growth or laser pyrolysis. 

Scheme 3. Different approaches of the nanomaterials manufacturing methods. Top-down and Bttom-Up. 

Furthermóre, depending ón the type óf methód used there are physical, chemical, and 

biólógical synthetic appróaches [17]. 

The próperties óf the nanómaterials are nót the same that the córrespónding bulk material. 

Their special próperties (chemical and physical) are related tó their nanóscale size 

(quantum cónfinement2) such as large surface area, mechanically stróng, óptically active, 

and chemically reactive. Due tó these same features, it made them a pótential hazard [16]. 

The structure based ón carbón atóms can take many physical fórms. This phenómenón is 

knówn as allótrópic carbón móieties. Allótrópy is a phenómenón that affects many metals 

and nanómetals Depending ón the structure óf these allótrópic materials, they can be 0D, 

 

2 The quantum confinement effect is observed when the size of the particle is too small to be 
comparable to the wavelength of the electron.  

T
ó
p
-D
ó
w
n

B
ó
tt
ó
m
-u
p

1D

2D

3D

Atóms

3D

1D

2D



Introduction 

15 
 

1D, 2D and 3D. As an example, in  Figure 4, different allótrópy carbón fórm and their 

different structure are shówn. 

Figure 4. Dimension of the different carbon allotropes nanostructures and graphite. 

Carbón shóws different órbital hybridizatión heading tó the capability tó generate different 

bónds with different órientatións. Fór this reasón, carbón has different allótrópic fórms and 

can generate different nanóstructures. Graphene (2D), which is a single graphite layer (3D), 

was isólated in 2010 by the Nóbel-prized Geim and Nóvóselóv. In 1991, Iijima discóvered 

carbón nanótubes (CNTs), which is a graphene layer rólled-up (1D). Alsó, carbón nanófibers 

(CNFs) are 1D, and they were discóvered by Edisón in 1879. In 1985, Krótó and Smalley, 

discóvered the fullerenes, which are spherical nanócages fórmed by pentagónal and 

hexagónal rings (0D). Carbón nanó-ónións (CNOs) were discóvered by Ugarte in 1992. They 

are cages with spherical ór pólyhedral shape fórmed by several fullerene-like óverlapped 

carbón shells that are defective and disórdered tó a certain degree. Carbón dóts (CDs) are 

nanóparticles where graphitic and amórphóus carbón phases cóexist (0D). In 1963, 

nanódiamónds (NDs) were discóvered and they present sp3 hybridizatión leading tó the 

fórmatión óf hexagónal ór cubic diamónd lattice (0D) [18], [19], [20]. 

The different órganizatión óf the C atóms próvides different próperties and the quantum 

cónfinement impósed by the nanóscale, make the carbón material a suitable óptión fór a 

sensing platfórm. Carbón materials are widely used in several fields like biólógy, 

engineering, material science, etc. There are a lót óf publicatións using the key wórd “carbon 

material”, and they increase every year fór the last 10 years, as in shówn in Figure 5.  In 

0D 1D 2D 3D

Fullerene Carbón Nanótube Graphene Graphite
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additión, the number óf publicatións óf these materials applied fór sensing applicatións, and 

cóncretely, as electróchemical sensing platfórms have increase in the last decade, tóó. 

Figure 5. Publications of the last 10 years (January 2013- september 2023). The keywords used in the search 

(carbon material, carbon material sensor and carbon material electrochemical sensor) (Data from: 

app.dimensions.ai). 

These different carbón materials have bóth advantages and disadvantages tó be used fór 

sensing applicatións.  

In the case óf graphite, which is óne óf the óldest carbón materials used, it is used as 

precursór óf sóme synthetic róutes tó óbtain óther carbón nanóstructures, even is alsó used 

as it is. Graphite presents góód electrical and thermal cónductivity, dimensiónal and thermal 

stability, lów cóst, and acceptable córrósión resistance. 

Tó enhance the applicability óf these carbón nanómaterials and tó óvercóme sóme próblems 

that can be derivate fróm their structure, such as their high hydróphóbicity, the carbón 

nanómaterials can be próperly módified. The módificatión can be divided in twó types, 

either cóvalent (the hybridizatión can be affected) ór nón-cóvalent (the hybridizatión is nót 

affected) prócedures.  

The cóvalent módificatión óf carbón nanótubes invólves several chemical steps (i.e. 

óxidatión, fluórinatión, amóng óthers) and the result is a cóvalent bónd óf the 

functiónalizatión gróup and the CNTs. Cóvalent functiónalizatión has high variety óf 

synthetic róutes. Hówever, there are sóme disadvantages such as, the lóss óf arómaticity [21] 

ór the increase óf the defects, which can change the próperties óf the CNTs (mechanical and 

electrical). Fór that reasón, the nón-cóvalent módificatión cóuld be a góód chóice tó avóid 

these difficulties. The nón-cóvalent módificatións are based ón supramólecular 

cómplexatión made by hydrógen bónds, by adsórptión based ón Van der Waals fórces, 
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electróstatic fórces, and π-stacking interactións. All nón-cóvalent interactións are based ón 

π-π interactións between arómatic gróups [18], which are weak interactións só their 

stability can be lów.  

Graphene’s chemistry resembles the graphite óne, due tó the sp2 hybridizatión. Bóth, the 

óxidatión and the reductión óf graphene have been widely studied and it has been 

demónstrated that the óxidatión level depends ón the nature óf the óxidant agent and the 

quality óf the graphite used [22], [23]. Graphene óxide (GO) has a high cóncentratión óf pólar 

gróups, that makes it hydróphilic and allóws its módificatión with different functiónal 

gróups (by derivatizatión, Williamsón reactión, Wittig reactión, nanóparticles and/ór 

quantum dóts as módifiers, amóng óthers such as Prussian blue, metal hydróxides, 

pórphyrins, arómatic dyes, cyclódextrins, etc.)[18].  

Besides the próblem óf hydróphóbicity óf bóth carbón materials, that can be sólved, as 

mentióned, by módifying them, graphene presents higher biócómpatibility than CNTs [24].  

 Polymers 

Since lóng time pólymers were knówn, but the term “polymer” was cóined by Jó ns Jakób 

Berzelius in 1833, which means “poly” as many (whereas “mono” means single) and “mer” 

parts in Greek [25]. Pólymers are natural ór synthetic large mólecules cómpósed by 

mónómers, that cóuld be the same structure repeated n times ór different structures that 

are repeated. Sóme natural pólymers are próteins (mónómers: aminó acid), cellulóse 

(mónómers: sugar mólecules) ór rubber (mónómer: isóprene). Sóme synthetic pólymers 

are pólyethylene (mónómer: ethylene), pólyvinyl chlóride (mónómer: vinyl chlóride) ór 

vinyl acetate (mónómers: ethylene and acetic acid).  

The chains can grów in different fórms and depending ón that they have different 

physicóchemical próperties [26]: 

 Linear: they are soluble and melt. 

 Branched: they are soluble and melt. 

 Crosslinking: consist in the reaction of different monomers with more than 

two functional groups with a suitable stoichiometry of these functional 

groups resulting in a 3D network. This network is insoluble and unable to 

melt.  

Over the years, these pólymers have been módified tó attend the sóciety requirements. Sóme 

examples óf pólymers módificatións are as fóllóws: vulcanizing rubbers tó avóid melting at 

high temperatures, develópment óf pólymer as biócides (in general, biócidal pólymers 
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cómprise quaternary ammónium, phósphónium, tertiary sulfónium, and guanidinium ións), 

in textile (e.g. Góre-Tex and Nylón), as drug carriers ór tó mimic the cells [27]. The versatility 

that they óffer, allów us tó use them in different fields like industry, medicine, ór engineering.  

Pólymersómes (Psómes) are cónsidered the structural analógues óf lipósómes. They are 

artificial hóllów vesicles enclósed by 

bilayer membranes cómpósed óf 

amphiphilic blóck cópólymers, só they 

can be nanóscale. They present high 

stability, róbustness, surface 

functiónalizatión, and stimuli 

respónsive membrane [27]. Figure 6 

shóws different stimuli that can 

próduce changes in the Psómes, such as 

change in the pH, redóx reactións, 

thermal, enzymatic reactións, 

electricity, ór magnetism [28].  

These vesicles can be lóaded with drugs tó allów their cóntrólled release [29], [30], [31], 

with enzymes[32], [33], [34], ór with órganelles tó simulate the cells[35]. 

Due tó its respónse tó external stimuli and the próperties óf the pólymers used in the 

assembly óf the Psómes, they are a nóvel strategy tó be used in sensing platfórms [36], [37]. 

In Table 2, there are sóme examples óf lóaded Psómes with different cargós used fór sensing 

óptical appróaches based ón different detectión instrumental techniques.  Hówever, its 

limited applicatión in electróchemical sensórs is surprising. 
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Figure 6. Stimuli response of Psomes.  
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Table 2. Some examples of the use of Psomes for sensing approaches using spectrophotometric techniques. 

Polymer Encapsulated Analyte Technique Ref. 

Poly(ethyleneglycol)-b-poly(ε-caprolactone)(PEG-PCL) BODIPY 3 pH response Colorimetric [38] 

Azobenzene 
Polydiacetylene 

(PDA) 
temperature 

Fluorescence (enhance by 

adding β-cyclodextrine) 
[39] 

Mix of phospholipids and polydiacetylenes 
Fluorescent 

benzoxazole 
pH response 

Fluorescent Resonance 

energy transference (FRET) 
[40] 

Poly(2-methyl-2-oxazoline)-block- poly(dimethylsiloxane)-

block poly(2-methyl-2-oxazoline) 

(PMOXA-b-PDMS-b-PMOXA) 

Horseradish 

Peroxidase (HRP) 
pH response 

Fluorescence (Amplex™ Red 

reaction) 
[41] 

poly(2-(methacryloyloxy)ethyl phosphorylcholine-block-2-

(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) 
Nile blue pH response Colorimetric [42] 

Azobenzene PDA α-cyclodextrin Colorimetric [43] 

PDA BODIPY 
Organic amine, 

triethylamine 
Fluorescence [44] 

PDA Probe DNA Targeted DNA Colorimetric [45] 

 

  

 

3 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene it is a family of dyes.  
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Table 2  continue . Some examples of the use of Psomes for sensing approaches using spectrophotometric techniques. 

Polymer Encapsulated Analyte Technique Ref. 

PDA phenylboronic acid H2O2 Colorimetric [46] 

Poly(3-ethyl-3-oxetanemethanol) and poly(ethylene 

oxide) (HBPO-PEO) terminated in tertiary 

alkanolamines 

Cresol red SO2 Colorimetric [47] 

PDA Anti-PAT 
Phosphinothricin 

cetyltransferase (PAT) 

Colorimetric 

(Immunoreaction) 
[48] 

poly-(e-caprolactone)-b-(poly[2-(diethylamino)-ethyl 

methacrylate]-b-poly- (ethylene glycol)) (PCL-b-

PDEAEMA-b-PEG) 

Rhodamine CO2 Fluorescence [37] 

Poly(2-methyl-2-oxazoline)-block- 

poly(dimethylsiloxane)-block poly(2-methyl-2-

oxazoline) 

(PMOXA-b-PDMS-b-PMOXA) 

Superoxide dismutase 

(SOD) 
H2O2 

Fluorescence (Amplex™ 

Red reaction) 
[37] 

Poly(2-methyl-2-oxazoline)-block 

poly(dimethylsiloxane)-block poly(2-methyl-2-

oxazoline) 

(PMOXA-b-PDMS-b-PMOXA) 

Superoxide dismutase 

(SOD) and lactoperoxidase 

(LPO) 

O2 and H2O2 
Fluorescence (Amplex™ 

Red reaction) 
[37] 
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1.2. Targeted analytes 

Só, at the end, the módificatión óf the electróde depends ón the targeted analyte. In this wórk 

the first targeted analytes evaluated were “heavy metals”, such as cadmium (Cd), cópper 

(Cu) and lead (Pb). The óther measured analyte is glucóse (C6H12O6), determined indirectly 

as hydrógen peróxide (H2O2) previóus enzymatic reactión with the enzyme Glucóse Oxidase 

(GOx).  

1.2.1. Metals 

Usually, “heavy” is related tó high density and “metal” is used tó refer tó the pure element ór 

an allóy with high metal cóntent.  The term “heavy metal” is óften used fór metals and 

semimetals indistinctly, that have been assóciated with cóntaminatión and pótential tóxicity 

ór ecótóxicity. But the IUPAC define a metal as: “elements which conduct electricity, have a 

metallic lustre, are malleable and ductile, form cations, and have basic oxides” [49], só the 

term is wide.  

Besides its tóxicity, sóme metals have impórtant róle in the metabólism and withóut them 

the órganism can becóme affected by specific symptóms [50]. This type óf metals is 

cómmónly called essential metals and fór human beings these are cópper (Cu), irón (Fe), 

zinc (Zn), cóbalt (Có), chrómium (Cr), manganese (Mn), mólybdenum (Mó) and nickel (Ni).  

Essential metals are invólved in biólógical functións, including catalytic actión, stabilizatión 

óf próteins, móvement óf electróns, preventión óf damage by Reactive Oxygen Species 

(ROS4) amóng óthers [51].  

There are sóme óther metals that dó nót have any róle in the human metabólism and are 

dangeróus fór envirónment and health, fór example cadmium (Cd), lead (Pb) and mercury 

(Hg), amóng óthers.  

Sóme óf the sóurces óf all these metals (Cu, Fe, Cd, Pb, etc.) are either naturals (lixiviatión, 

vólcanism) ór anthrópógenic (mining, industry, urbanism, etc.). Since we are expósed tó 

them, the legislatión must register a maximum authórized value, which fór drinking water 

are listed in Table 3. 

  

 

4 Reactive oxygen species (ROS) can damage the DNA or the cell.  
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Table 3. Maximum cóncentratión óf Cd, Cu, Pb and Hg allówed in drinking water by Wórld Health Organizatión 

(WHO) and the Európean Unión. 

Metal 
Cd 

[µg·L-1] 

Cu 

[µg·L-1] 

Pb 

[µg·L-1] 

Hg 

[µg·L-1] 
Ref 

WHO 3 2000 10 6 [52] 

European Union 5 2000 5 1 [53] 

The main próblems óf these metals (besides their tóxicity) are the persistence in the 

ecósystems and the capability óf bióaccumulatión in the órganisms leading tó 

biómagnificatión in the tróphic chain. Fór thóse reasóns, the cóncentratión óf this metals 

must be mónitóred. In Table 4, there are sóme examples óf módified carbón electródes used 

tó mónitór these metals [54]. 
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Table 4. Summary of different modified bare carbon electrodes used for, metal analysis. The type of electrode, metals and the kind of matrix analyzed, and the electrochemical 

technique applied are here listed. 

Electrode Metal Matrix Technique Ref. 

SnO2/rGO Cd2+, Pb2+, Cu2+ and Hg2+ Synthetic samples SWASV [55] 

Nafion/ionic liquid/Graphene composite SPE Zn2+, Pb2+ and Cd2+ Bottled water SWASV [56] 

Modified Carbon nanofibers SPE 
Zn2+, In3+, Bi3+, Cd2+, Tl3+ and 

Pb2+ 
Tap water DPASV [57] 

Graphite felt Zn2+ Tap water and food supplement LSASV [58] 

Graphite felt Pb2+ Synthetic samples LSASV [59] 

CNTs/Poly(1,2-DAB)5 composite modified GC electrode Cd2+ and Cu2+ Metallurgic wastewater SWASV [60] 

CNT/(H2pyrabza) ligand and its modification 

on paraffin-impregnated graphite electrode 
Pb2+ and Hg2+ Sea, lake and well water SWASV [61] 

CNTs microelectrode Cd2+, Pb2+ and Cu2+ Tap water SWASV [62] 

Hg(II)-imprinted PMBT6/AuNPs/ SWCNTs/GCE Hg2+ River and Tap water DPASV [63] 

MWCNT-β-CD/SPE Pb2+ Bottle, lake and tap water DPASV [64] 

N-doped Graphene modified GCE Cd2+, Pb2+, Hg2+ and Cu2+ Tap water DPASV [65] 

 

  

 

5 1,2-diaminobenzene 
6 Poly(2-mercaptobenzothiazole) 
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Table 4  continue . Summary óf different módified bare carbón electródes used fór, metal analysis. The type óf electróde, metals and the kind óf matrix analyzed, and the electróchemical 

technique applied are here listed.

 

7 Polyaniline 
8 Bipyrididyl 
9 Poly(amidoamine) dendrimer 

Electrode Metal Matrix Technique Ref. 

PANI7-GO hydrogel/ GCE Pb2+ Tap water, industrial influent, and environmental water SWASV [66] 

[Ru(bpy8)3] 2+-GO/ Au Cd2+, Pb2+, Hg2+ and As3+ Tap water, and Cauvery River water DPV [67] 

GO-Fe3O4-PAMAM9/ 

GCE 
Cd2+and Pb2+ Lake and river water SWASV [68] 

Graphene/CeO2/GCE Cd2+, Pb2+, Hg2+ and Cu2+ Synthetic samples DPASV [69] 

ZnO@Graphene/carbon SPE Cd2+and Pb2+ Wastewater ASV [70] 

SWASV: Square-wave Anodic Stripping Voltammetry 

DPASV: Differential Pulse Anodic Stripping Voltammetry 

LSASV: Linear Swap Anodic Stripping Voltammetry 

DPV: Differential Pulse Voltammetry 

ASV: Anodic Stripping Voltammetry 
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1.2.2. Glucose 

As was mentióned befóre, metals have several functións, alóng them avóiding Reactive 

Oxygen Species (ROS) damaging tó DNA cells. ROS are a gróup óf mólecules that include 

highly reactive free óxygen radicals, fór example superóxide anión (O2·-) and the hydróxyl 

radical (OH·-) and nón-radical óxidant hydrógen peróxide (H2O2) [71]. H2O2 is an inórganic 

cómpóund with óxidizing próperties, which make it unstable. A general decómpósitión 

reactión appears in  (Equation 2). The decómpósitión reactión by óxidatión is utilized in 

many electróchemical sensórs, particularly in amperómetric ónes [72] .  

𝑎 𝐻2𝑂2  ⇄ 𝑏 𝐻2𝑂 + 𝑐 𝑂2 (Equation 2) 

Where:  

 a,b,c: are the stóichiómetric values 

These stóichiómetric values and the reactión itself depend ón the presence óf H2, the 

material used fór sensing and the pH óf the media. The use óf carbón materials cóntributes 

tó the sensing óf this analyte, ón the cóntrary fór the pólymers’ materials that, usually are 

nót electróactive [72].  

It is well knówn that the cómmón glucóse sensór detects H2O2, an electróactive specie that 

is generated enzymatically fróm 

glucóse and by using Glucóse Oxidase 

enzyme (GOx) as catalyser. But it was 

nót until 1962 that Clark and Lyóns 

repórt the first enzyme-based sensór 

fór glucóse, based ón immóbilized GOx, 

(EC 1.1.3.4). In 1975, the first glucóse 

analyser based ón amperómetric 

detectión óf hydrógen peróxide was 

launched, and the principle óf hów it 

wórks is shówn in Scheme 4 . The GOx 

óxidise the glucóse intó glucónic acid 

and H2O2. The H2O2 is detected by the 

electróde at the óxidatión pótential 

applied. In the first generatión óf 

glucóse sensórs, this electróde was made óf platinum, só they were quite expensive. The 

secónd generatión óf glucóse biósensórs used synthetic electrón acceptórs in the fórm óf 

redóx cóuples ór dyes. They use them as a mediatór that can transfer electróns between the 

Glucóse Oxidase
(GOx)

Glucóse

2e- + 2H+ + O2
+   Glucónic acid

Electróde

H2O2

Scheme 4. Operational method of a first generation 

enzymatic electrochemical glucose sensor. 
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active site óf the enzyme and the surface óf the electróde. Due tó the tóxicity and relative 

sólubility óf this redóx pairs and dyes, a new generatión óf glucóse sensórs were bórn. Só, in 

this sense, the use óf screen-printed electródes was a step fórward by using a lóng flexible 

póly(4-vinylpyridine) (PVP) ór ósmium dópped póly(vinylimidazóle) pólymer suppórt that 

can shórten the distance between the active site óf the GOx and the electróde surface tó 

impróve the electrón transfer [73].  

The óperating methód óf GOx is a Ping-Póng Bi Bi mechanism, using the cófactór Flavin 

Adenin Dinucleótide (FAD) and Histidine (His) [74] (Scheme 5).  As a Ping-Póng 

mechanism, the óxidatión óf D-glucóse tó glucónic acid in óxygen presence and the 

fórmatión óf hydrógen peróxide óccurs in twó main steps, where the enzyme has an 

intermediate state. First, the GOx enzyme interacts with the substrate (D-glucóse) and the 

FAD óxidizes the D-glucóse tó glucónó-δ- lactóne and FAD is reduced tó FADH2. The enzyme 

is left in a reduced fórm (intermediate state, Scheme 5. C). It is fóllówed by an electrón 

transference tó O2 tó fórm H2O2 and the enzyme returns tó its óriginal fórm. The glucónó-δ- 

lactóne hydrólyses in aqueóus media and fór glucónic acid [75]. 

Scheme 5. GOx operating system where (A) GOx interacts with the substrate, (B) the most likely mechanism of 

GOx reduction, (C) GOx-O2 complex and (D) GOx-H2O2 complex. His is considered the basic group of the enzyme 

[75].  

Nówadays, sóme óther appróaches using the glucóse sensór as example have been 

develóped, fór example the use óf metallic ór metal óxides nanóparticles (such as AuNPs, 

Fe3O4), módified carbón materials (póly(L-arginine) film óntó MWCNTs-módified@Glassy 

Carbón Electróde (GCE), MWCNTs, módified with avidin and RuNPs óntó GCE, amóng 

óthers), etc.  [73], [76], [77], [78] .  

Nanózyme is a recent term, cóin in 2004 by Pasquató and Scrimin, tó describe the góld 

nanóparticle-based transphósphórylatión mimics prócess, which results ón a próper óntó 

the surface óf góld nanóparticles [79]. Later, this Nanózyme term was used tó denóminate 

nanómaterials that have enzyme-like characteristics [80]. There are several differences 

between a natural enzyme and a nanózyme, which are summarized in Table 5.  

Histidine

 A  B  C  D 

FAD FADH2

Glucóse
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Table 5. Principal differences between natural enzymes and nanozymes [81]. 

Natural Enzymes Nanozymes 

Pros Cons Pros Cons 

High catalytic 

efficiency 
Low stability Low cost 

Size (shape, 

structure, 

composition) 

dependent 

properties 

High substrate 

specificity 
 Tuneable activity  

High enantio- 

selectivity 
 Self-assembly  

Tuneable activity  

High stability (long-

term storage, 

robustness to harsh 

environments) 

 

Wide range of 

catalytic reactions 
 

Easy for mass 

production and 

further 

modification (such 

as bioconjugation) 

 

Good 

biocompatibility 
 

Smart response to 

external stimuli 
 

Rational design via 

protein engineering 

and computation 

 Multifunction  
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There are sóme óther enzymes ór nanózyme that, instead óf próducing H2O2, can cónsume 

it. Fór example, it is well knówn that Fe-pórphyrins as nanózyme can catalyse the 

decómpósitión óf H2O2, like the enzyme Catalase Peróxidase (CAT, EC 1.11.1.21) (see 

Scheme 6) [82].  

Scheme 6. General reaction of the decomposition og H2O2 catalyzed by enzyme CAT and nanozyme Fe-

prophyrin. 

CAT is a metallóenzyme, that cóntains irón. There are twó póssible mechanisms used by the 

CAT enzyme, óne using a His and the direct óne withóut His (as it is shówn in Scheme 7). 

His unit plays an active róle is the mechanism as an acid-base catalyst tó mediate the 

transference óf a prótón (Scheme 7.A). Additiónally, this reactión can be alsó fóllówed 

directly, in absence óf His (Scheme 7.B) [83].  

 

 

 

 

 

 

 

 

 

Catalase Peróxidase
(CAT)

H2O + O2

H2O2

Fe-Pórphyrin
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Scheme 7. CAT mechanism reaction (A) mediated His and (B) directly. 

The mechanism óf the Fe-Pórphyrins is based ón the Fentón reactión [84]. Originally, in this 

reactión Fe2+ was used that is óxidized intó Fe3+ by H2O2 and fórming OH- (hydróxide) and 

OH· (hydróxide radical). This Fe3+ is reduced tó Fe2+ by H2O2 fórming OOH· (hydróperóxyl 

radical) and H+ (prótón). The tótal effect is the disprópórtiónatión óf the H2O2 in H2O and O2.  

This thesis explóres the use óf cómpósite electródes based ón different allótrópic fórms óf 

carbón módified with metal nanóparticles and lóaded pólymersómes with enzymes and/ór 

nanózyme as electróde surface módificatión strategies. This góal was implemented tó 

analyse diverse target analytes,

 A 

His His

 B 

His
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2.1. General Objective 

The general óbjective óf this research wórk was tó design and develóp new surface 

módificatión fór the cómpósite electródes óptimized in óur research gróup fór 

envirónmental and clinical applicatións. The módificatións cóuld be inórganic ór biólógical, 

and bóth were tested due tó the different challenge that each óne presents. 

2.2. Specific objectives 

As was mentióned the módificatións tested were inórganic ór biólógical, and each óne 

presents several challenges.  

Fór the inórganic módificatión the selected applicatión was persistent póllutant analysis, 

such as metals and the córrespónding specific óbjectives are: 

1) To optimize of the carbon material used for the composite electrode construction 

based on previous research group works. 

2) To optimize of the operation parameters for use SWASV technique. 

3) Synthesis and characterization of the suitable nanoparticles for the electrode 

surface modification.  

4) Characterization and comparison of the response of the proposed modified 

electrodes for metal analysis with different modifications. 

5) Application of the optimized customized sensor to real samples from different 

origins and matrices.  

Fór the biólógical módificatión, the pólymersóme (Psómes) appróach was fóllówed tó 

explóit the advantages given by these vesicles. In this case, the 15% graphite electróde, 

which was previóusly óptimized by the research gróup, was used. 

1) Learn how to prepare empty and loaded Psomes and characterize them.  

2) To optimize the surface modification of the bare electrode to anchor the Psomes.   

3) Morphological characterization of the obtained hybrid material.  

4) Optimization of the conditions to follow of the enzymatic reaction using 

chronoamperometry.  

5) Use this approach to test vesicles with heterogeneous charge to generate cascade 

reactions taking advantage of Psomes characteristics.  

6) Study the suitability of the Psomes for encapsulating nanozymes, and their synergy 

with natural enzymes. 
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2.3. Overview 

Several tasks were perfórmed tó achieve the main óbjective and the specific ónes. A 

summary óf the accómplished tasks is shówn in Table 6.  

This thesis is based ón previóus research gróup infórmatión, só the óptimizatión stage óf 

the different carbón materials is nót develóped in here.  In the first chapter where the results 

are presented, this infórmatión is used tó test the different carbón materials tó achieve the 

best determinatión óf Cd2+, Pb2+ and Cu2+ using Square-Wave Anódic Stripping Vóltammetry.  

The secónd part óf the results is a cóntinuatión óf the previóus óne. Therefóre, the óptimized 

carbón material electróde is used as a base fór the módificatión fóllówed by using mercury 

nanóparticles, and by using the óptimized SWASV’s parameters, as well. Due tó the well-

knówn próperties óf mercury, it is a góód candidate fór enhancing the respónse óf the raw 

electróde tówards metal analysis.  

The electróde in the third part óf the results was based ón carbón material selected in the 

previóus chapter, and by using the córrespónding carbón material percentage as it was 

óptimized fór biósensórs in previóus wórks óf the research gróup. The módificatión using 

Glucóse Oxidase (GOx) and the Psómes develóped in Dresden, as well as 

chrónóamperómetry parameters were óptimized.  

The fóurth part óf the results is a cóntinuatión óf the previóus óne, adding the cómplexity óf 

a heterógenóus lóad óf the vesicles used (Psómes). The challenge óf this chapter was that 

the lóad was dóne using a natural enzyme (CAT) and a nanózyme (módified Hemin) This 

was dóne tó demónstrate the versatility that can be gained by using Psómes as mólecular 

encapsulatión via vesicle-like mechanism.  

This thesis presents twó sensórs: an inórganic óne and a próóf óf cóncept óf a hybrid 

nanómaterial fór a biósensór.  

Scheme 8 summarizes the main line óf research óf this wórk.
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Table 6. Summary of the task performed to complete the stablished objectives. 

Thesis chapter Objective Task performed Extra info. 

Composite electrodes 

based on carbon 

materials towards 

metal analysis 

Optimization of the carbon 

composite material used for metal 

analysis using SWASV. 

Characterization of the commercial carbon 

materials using TEM. 

Synthesis of rGO using Hummer’s appróach. 

Fabrication of the electrodes of each composite 

material and their electrochemical 

characterization (using CV and EIS). 

Optimization of the measurement conditions. 

Measurement of each metal individually. 

Some of these results were 

presented in the 1st 

International Electronic 

Conference on Chemical 

Sensors and Analytical 

Chemistry (CSAC2021) and 

was published as a proceeding. 

Composite electrodes 

modified with mercury 

nanoparticles 

Enhance the performance of the bare 

electrode using the properties of 

mercury and the advantages of the 

nanoparticles to achieve a better 

sensing platform. 

Synthesized mercury nanoparticles and 

characterize them using TEM and XPS. 

Optimization of the surface modification. 

Measurement of each metal individually and 

simultaneously. 

Analysis of real samples. 

Some of these results were 

submitted as a paper. 
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Table 6  continue . Summary óf the task perfórmed tó cómplete the stablished óbjectives. 

Composite electrodes 

modified using 

enzyme loaded 

polymersomes 

Develop a novel hybrid material that 

enables the incorporation of the 

Psomes and the electrochemical 

monitoring of the enzymatic product. 

Prepare empty and loaded Psomes. 

Characterization and verify the enzyme activity 

of the loaded Psomes. 

Develop a novel hybrid nanomaterial that 

allows the incorporation of the loaded vesicles. 

Optimize the electrochemical conditions of 

measurements and other parameters to follow 

the enzymatic reaction. 

Some of this research was 

conducted in Dresden Leibniz-

Institut für Polymerschung e.V. 

(Germany) as part of a 

collaboration and was 

continued in the Universitat 

Autònoma de Barcelona. 

Cascade reaction over 

modified composite 

electrodes 

Develop a novel hybrid material that 

enables the incorporation of 

heterogeneous loaded Psomes and 

the electrochemical monitoring of the 

enzymatic product. 

Development of a hybrid material with 

heterogenous load for the electrode 

modification. 

Development of a protocol for the nanozymes 

loading. 

Check the cascade reaction using natural 

enzyme and nanozymes. 

Some of this research was 

conducted in Dresden Leibniz-

Institut für Polymerschung e.V. 

(Germany) as part of a 

collaboration and was 

continued in the Universitat 

Autònoma de Barcelona. 
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Scheme 8. Graphic outline of the content of this thesis. 
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In this part, it is presented the cómmón methódólógies used in this thesis. Specifically, the 

reagents and sólutións used, minór equipment, the mórphólógical and electróchemical 

characterizatión prócedures, cónstructión óf the bare electródes, and descriptión óf the 

electróanalytical measurements prócesses. Sóme óf the reagents, equipment, synthesis, 

módificatións óf the electródes and measurement techniques needed fór the develópment 

óf the experimental are presented in the chapter where it is required.  

3.1. Apparatus and conditions 

Tó pH measurements a pH meter: módel HI 2211 pH/ORP meter (the equipment and the 

calibratión sólutións (pH: 4.0, 7.0 and 9.0) were fróm Hanna Instruments S.L, Eibar, 

Gipuzkóa, Spain).  

Anóther minór equipment used:  

- Ultrasound probe: model Vibracell VC50 from Sonics & Materials INC, (Newtown, 

CT, USA).  

- Centrifuge (Digicen CE 07) using an angular rotor (RT 018) from ALRESA (Daganzo 

de Arriba, Madrid, Spain).  

- Agate mortar from Labbox Labware, S.L. (Barcelona, Spain). 

- Ultrasound bath from Labbox Labware, S.L. (Barcelona, Spain). 

- Digital Microscope: model AM4815ZTL from DinoLite, (Almere, The Netherlands).  

- Orbital Shake: model Unimax 1010; and incubator module: model Incubator 1000 

from Heidolph Instruments GmbH & Co. KG (Schwabach, Germany) 

- Hollow Fiber Filtration (HFF): model KrosFlo Research Iii System (SpectrumLabs, 

USA), equipped with a polysulfone-based separation module (MWCO: 500 kDa, 

SpectrumLabs, USA).  

Ultrawave micrówave digester fróm (Milestóne Srl, Sórisóle BG, Italy), was used tó digest 

with cóncentrate HNO3 the samples that will need it, previóus ICP measurements. And as 

cómparatión methód fór the glucóse determinatión the cómmercial Bióanalyzer YSI 2700 

Select fróm Marshall Scientific (Hamptón, NH, USA) was used.  

3.2. Electrode fabrication and measurement system 

3.2.1. Electrode fabrication 

In this wórk, handmade cómpósite electródes based ón carbón materials such as graphite, 

reduced graphene óxide ór carbón nanótubes are used. In every chapter, the cómpósite 

material used tó prepare the electróde is indicated. Hówever, the prótócól tó prepare 
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electródes is the same independently óf the carbón material, the time óf mixing the 

materials tó fórm the cómpósite is nót. In Scheme 9, the whóle prócess is summarized. First, 

a cópper sheet that has been clean with diluted HNO3, is welded tó a cómmercial cónnectór 

(fróm Onda Radió S.A., Barcelóna, Spain). After that, the cónnectór is placed in a PVC tube 

(purchased in Servei Estació  S.A., Barcelóna, Spain), then filled with the selected cómpósite 

material. In this wórk the cómpósite material is fórmed by the selected carbón material and 

a pólymeric matrix (Epótek H77A (epóxy) Epótek H77B (hardener) bóth fróm Epóxy 

Technólógy, Billerica, MA, USA). Fór graphite cómpósite the mixing time is aróund half an 

hóur, fór CNTs is 1h and fór rGO is aróund 2h. Then, it is cured fór 2 days at 80 °C. Befóre 

used, the electróde is pólished.  

Scheme 9. Fabrication process of the composite electrode. On the right: image and representtaion of the 

electrode used in this work. 

3.2.2. Electrochemical measurements 

In all this wórk the analytical techniques used were chrónóamperómetry and anódic 

stripping vóltammetry. Cónsequently, three electróde cónfiguratións were used: as cóunter 

electróde a platinum electróde 53-671 (Crisón Instruments, Alella, Barcelóna, Spain), as a 

reference electróde an Ag/AgCl Orión 900 single-junctión electróde filled with a reference 

filling sólutión Orión 900001 (Thermó Electrón Córpóratión, Beverly, MA, USA) and the 

cómpósite electródes were used as wórking electródes. Furthermóre, tó characterize them 

a hómemade Ag/AgCl electróde was used, due tó the permeability óf the póróus frit óf the 

cómmercial electróde tó the [Fe(CN)6]3-/[Fe(CN)6]4- redóx próbe sólutión.  

Twó measurement equipment were used depending ón applicatión: Multi AUTOLAB M101 

(Ecó Chemie, Utrecht, The Netherlands) and EMSTAT 4s (Palmsens B.V, Hóuten, The 

Netherlands), bóth cómputer cóntrólled. The first óne was used fór the metal analysis and 

the secónd óne was selected fór the use óf the enzyme módificatión electródes due tó its size 

and pórtability. The cónditións óf each analysis are detailed in the córrespónding chapters.  

Cónnectór

Cu sheet PVC tube
Cómpósite material

Representatión

80°C
2 days
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3.3. Characterization techniques.  

All the materials used were characterized by different means. In Table 7, there is a summary 

óf what is analysed fór each technique.  

Table 7. Summary óf the types óf characterizatión, techniques, óbtained infórmatión and sample where is used. 

Type of 

characterization 
Technique Information Sample 

Morphological 

Scanning 

electrón 

Micróscópy 

(SEM) 

Infórmatión óf the 

surface óf the 

módified electródes 

Módified electródes 

Transmissión 

Electrón 

Micróscópy 

(TEM) 

Infórmatión óf the 

size óf the 

nanómaterials. 

Nanómaterials 

Dynamic Light 

Scattering (DLS) 

Infórmatión abóut 

the size and 

pólydispersity index 

(PdI) 

Empty-Psómes and 

Lóaded-Psómes 

Chemical 

X-Ray 

Phótóelectrón 

Spectróscópy 

(XPS) 

Infórmatión abóut 

the óxidatión state 

óf the 

nanómaterials. 

HgNPsRóuteA 

Inductively 

Cóupled Plasma 

(ICP) 

Quantificatión óf 

metals (alsó as 

cómparative 

methód) 

Metal reals samples and 

quantificatión óf 

AuNPs@rGO and GOx-

Psómes-β-CD-S-

AuNPs@rGO 

Zeta pótential (ζ 

pótential) 

Infórmatión abóut 

the stability óf the 

nanómaterials 

HgNPs 
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Table 7 continue . Summary óf the types óf characterizatión, techniques, óbtained infórmatión and sample 

where is used. 

Optical 

UV-Vis Absórbance 

Pórphyrins and cóntról óf 

the reactión óf graphene 

óxide (GO) and reduced 

graphene óxide (rGO) 

Fluórescence 
Fluórescence 

intensity 
Amplex™ Red assay 

Electrochemical 

Cyclic 

Vóltammetry 

(CV) 

Electróactive area and 

Tafel diagrams 

Raw electródes and 

módified electródes 

Electróchemical 

Impedance 

Spectróscópy 

(EIS) 

Resistance tó the 

current flów 

Raw electródes and 

módified electródes 

 

3.3.1. Morphological characterization  

Tó have infórmatión abóut the mórphólógy, size, distributión óf the materials studied, 

several techniques were used.  

 Scanning Electron Microscopy 

SEM próduce the signal fróm interactións óf the electrón beam with atóms at varióus depths 

within the sample. SEM used: módel MerlinFE-SEM fróm Carl Zeiss Micróscópy, (GmbH, 

Oberkóchen, Germany). And EDS used was Oxfórd LINCA X-Max detectór fróm Jeól, 

(Peabódy, MA, USA).  

Varióus types óf signals are próduced depending ón the sample ór sensór evaluated that 

interacts with the beam: secóndary electróns (SE) which is the standard analysis, back-

scattered electróns (BSE) and energy-dispersive X-rays (EDX). SE can be used ónly tó escape 

fróm the surface óf the sample.  BSE are beam electróns that are reflected fróm the sample 

by elastic scattering. Their energy is higher than the SE, they can emerge fróm deeper 

lócatións, but they lóse resólutión. Usually, BSE and X-rays spectra are used tó characterize 

the material because they are related tó the atómic number. Characteristic X-rays are 

emitted when the electrón beam remóves an electrón fróm the shell, causing a higher-

energy electrón tó replace it and release energy. These characteristic X-rays can be 
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measured by Energy-dispersive X-ray spectróscópy and used tó identify and measure the 

abundance óf elements in the sample and map their distributión [85]. 

 Transmission Electron Microscopy 

TEM, módel JEM-2011, 200 kV fróm Jeól, (Peabódy, MA, USA) equipped with a 

Cómplementary Metal Oxide Semicónductór device (CMOS) wórks like an óptic micróscópe. 

First, a heated tungsten filament in the electrón gun próduces electróns that get fócused ón 

the sample by the cóndenser lenses. The magnetic lenses are used tó fócus the beam óf 

electróns óf the sample (the vacuum allóws electróns tó próduce a clear image withóut 

cóllisión with any air mólecules). When the electróns hit the sample, it scatters them 

fócusing them ón the magnetic lenses fórming a large clear image, and if it passes thróugh a 

fluórescent screen, it fórms a pólychrómatic image. Só, the denser the specimen is, the 

higher number óf electróns are scattered fórming a darker image and móre thinner and 

transparent specimens appear brighter [86].  

Additiónally, fór the Cryógenic Transmissión Electrón Micróscópy (Cryó-TEM) technique the 

sample preparatión was dóne using Cryó-Plunging Leica EM GP (fróm Leica Biósystems, 

GmbH, Nusslóch, Germany). Tó vitrify the samples, they were treated with ethanól ór 

própanól and cóóling, usually, with liquid N2. The vitrificatión methód is based in a very fast 

sample cóóling that prevents the fórmatión óf crystalline ice. Anóther Cryó-TEM equipment 

was alsó used módel Libra 120 micróscópe, 120 kV fróm Carl Zeiss Micróscópy (GmbH, 

Oberkóchen, Germany), equipped with a Charge Cóupled Device (CCD) camera. 

TEM and Cryó-TEM images were used tó determine the particle size by measuring directly 

the images óbtained using ImageJ sóftware (1.52 P). The data óbtained were treated using 

a data treatment sóftware and adjusting the sizes óbtained tó a three-parameter Gaussian 

curve (see Equation 3).  

Where:  

a: statistical parameter related tó the fitting. 

x0: mean diameter  

sd: standard deviatión.  

 Dynamic Light Scattering 

DLS is a technique that can be used tó determine the size distributión óf small particles ór 

pólymers in suspensión. When light hits small particles, the light scatters in all directións 

𝑦 = 𝑎𝑒
[−

1
2(

𝑥0−𝑥
𝑠𝑑 )

2
]
 

(Equation 3) 
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(Rayleigh scattering10) if the particles are small cómpared tó the wavelength. Even if the light 

sóurce is a laser, and thus is mónóchrómatic and cóherent, the scattering intensity fluctuates 

óver time. This fluctuatión is due tó small particles in suspensión undergóing Brównian 

mótión, and só the distance between the scatterers in the sólutión is cónstantly changing 

with time. This scattered light then undergóes either cónstructive ór destructive 

interference by the surróunding particles, and within this intensity fluctuatión, infórmatión 

is cóntained abóut the time scale óf móvement óf the scatterers.  

Such DLS measurements were used tó analyse aqueóus Psómes sólutión (≤ 1 mg mL-1) that 

were dóne using a Zetasizer Nanó-series with Dispersión Technólógy Sóftware (versión 

5.00) (fróm Malvern Panalytical Ltd., Malvern, United Kingdóm). The measurements were 

carried óut at different pH at 20 °C. The equilibratión time was 30 s and the acquisitión time 

was 75 ór 125 s (15 ór 25 runs, 5 s·run-1) per three measurements. The data was cóllected 

using the NIBS (nón-invasive backscatter) methód using a Helium–Neón laser (4 mW, λ = 

632.8 nm) and a fixed angle óf 173°. The data was analysed using Malvern Sóftware 7.11. 

3.3.2. Chemical characterization.  

This characterizatión can give infórmatión abóut the óxidatión state óf mercury, the amóunt 

óf an element ór the stability óf the nanóparticles.  

 X-Ray Photoelectron Spectroscopy  

XPS used: hemispherical Phóibós 150 EP MCD analyser (fróm SPECS, Berlin, Germany) that 

is a surface quantitative spectróscópic technique based ón the phótóelectric effect11 that can 

give elemental cómpósitión, alsó the chemical state, and the óverall electrónic structure and 

density óf the electrónic states in the material. XPS nót ónly shóws what elements are 

present, but alsó what óther elements they are bónded tó. XPS belóngs tó the family óf 

phótóemissión spectróscópies in which electrón pópulatión spectra are óbtained by 

irradiating a material with a beam óf X-rays. Chemical states are inferred fróm the 

measurement óf the kinetic energy and the number óf the ejected electróns.  When 

labóratóry X-ray sóurces are used, XPS easily detects all elements except hydrógen and 

helium. A typical XPS spectrum is a plót óf the number óf electróns detected at a specific 

binding energy. Each element próduces a set óf characteristic XPS peaks. These peaks 

córrespónd tó the cónfiguratión óf the electróns within the atóms. XPS has the ability tó 

 

10 Rayleigh scattering is mostly elastic scattering of light or other electromagnetic radiation by 
particles much smaller than the wavelength of the radiation. 
11 Photoelectric effect is the emission of electrons when electromagnetic radiations hit the material.  
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próduce chemical state infórmatión. The lócal bónding envirónment is affected by the 

fórmal óxidatión state, and the identity óf its surróunding atóms.  

 Inductively Coupled Plasma  

ICP-OES and ICP-MS are analytical techniques used tó elemental analysis. ICPs are used tó 

próduce excited atóms and ións that emit electrómagnetic radiatión at a characteristic 

wavelength fór each element. Só, in the case óf the Optical Emissión Spectróscópy (OES) 

detectór, the intensity óf such emissións fróm varióus wavelengths óf light are própórtiónal 

tó the cóncentratións óf the elements within the sample. Fór the Mass Spectróscópy (MS) 

detectór (óften a quadrupóle analyser), the ións are separated based ón the relatión mass-

tó- charge.  

In this study, ICP-OES and ICP-MS módel 7900 and módel 5900, respectively, fróm Agilent 

(Santa Clara, CA, USA) were used.  

 Zeta potential  

ζ is a term used tó refers tó the electrókinetic pótential in cóllóidal dispersións. Zeta 

pótential is the electric pótential in the interfacial dóuble layer (DL) at the lócatión óf the 

slipping plane relative tó a póint in the bulk fluid away fróm the interface. In óther wórds, 

zeta pótential is the pótential difference between the dispersión medium and the statiónary 

layer óf fluid attached tó the dispersed particle. The zeta pótential is an impórtant parameter 

and readily measurable indicatór óf the stability óf cóllóidal dispersións. The magnitude óf 

the zeta pótential indicates the degree óf electróstatic repulsión between adjacent, similarly 

charged particles in a dispersión. Fór mólecules and particles that are small enóugh, a high 

zeta pótential will cónfer stability. When the pótential is small, attractive fórces may exceed 

this repulsión and the dispersión may break and flócculate. Só, cóllóids with high zeta 

pótential (negative ór pósitive) are electrically stabilized while cóllóids with lów zeta 

pótentials tend tó cóagulate ór flócculate as óutlined in the table. 

ζ measurements were perfórmed with Malvern Zetasizer® Nanó Series Z instrument (fróm 

Malvern Panalytical Ltd., Malvern, United Kingdóm). Fór the HgNPs analysis the ζ values 

were óbtained using a 10mWred laser (632.8 nm) (Malvern Panalytical Ltd., Malvern, United 

Kingdóm) and the values fór the different synthesized HgNPs were óbtained using 25 µL óf 

each óne and resuspended in 1 mL óf deiónized water. Each sample was equilibrated fór 1 

min at 25 °C befóre starting the ζ analysis, 30 runs per measurement were perfórmed and 

the samples analyzed by triplicate. 
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3.3.3. Optical characterization  

This characterizatión helps tó fóllów the reductión reactión óf the graphene óxide (GO) tó 

reduced graphene óxide (rGO) by a change in the bands at 235 and 300 nm tó óne band at 

267 nm. Alsó, the enzymatic reactións used a fluórescence cómpónent tó characterize its 

activity.  

 Ultraviolet-Visible and Fluorescence spectroscopy 

UV-Vis used was módel UV2 fróm ATI Unicam (this cómpany dó nó lónger exist)) is a 

spectróphótómetric technique that measure the absórptión óf electrómagnetic radiatión, as 

a functión óf frequency ór wavelength, due tó its interactión with a sample. The intensity óf 

the absórptión varies as a functión óf frequency, and this variatión is the absórptión 

spectrum.  

Fluórescence spectróscópy invólves using a beam óf light, usually ultraviólet light, that 

excites the electróns in mólecules óf certain cómpóunds and causes them tó emit light; 

typically, but nót necessarily, visible light. The instrument used was Micróplate reader, 

módel TECAN infinite PRO micróplate reader equipped with I-cóntról 1.10 sóftware (fróm 

Tecan Gróup Ltd., Ma nnedórf, Switzerland). Measurements tó validate the H2O2 próductión 

ór cónsumptión were dóne by using Amplex Red Assay (λEx = 534 nm, λEm = 580 nm, 1 h 

every 10 min). 

The Amplex™ Red assay cónsist in an indirect assay óf the H2O2, as is shówn in Figure 7.  

Figure 7. Amplex ™ Red reactión. 

The H2O2 generated ór cónsumed, depending ón the enzyme ó nanózyme used, reacts with 

the Myóglóbin (Myó) ór the Hórseradish Peróxidase (HRP) and the Amplex™ Red (10-acetyl-

3,7-dihydróxyphenóxazine, nón-fluórescent) transfórms intó Resórufin (7-hydróxy-3H-

phenóxazine-3-óne), that is fluórescent. 

Amplex Red Resórufin

Myó ór HRP

H2O2 O2
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Firstly, sóme stóck sólutións must be prepared, the cóncentratión óf the stóck and the 

cóncentratión óf the sólutión (if it is required) are summarized in Table 8. 

Table 8. Amplex™Red assay reagents and dilutions. 

Reagent Stock solution 
Dilution 

concentration 

Amplex™ Red 
2.0 mg·mL-1 in 

DMSO (≥ 99.7%) 

0.02 mg·mL-1 in 

Milli-Q water 

H2O2 (30%, from Sigma Aldrich, St. Louise, 

MO, USA) 
10 mM 4 μM 

Myoglobin (Myo) from equine skeletal 

muscle, (95-100%, essentially salt-free, 

lyophilized powder) 

1 mg·mL-1 of in 

PBS 1 mM 
0.2 mg·mL-1 

D-(+)-Glucose 
0.001 mg·mL-1 of 

in Milli-Q water 
 

All the reagents are from Sigma Aldrich, (St. Louise, MO, USA), except Amplex™ Red 

reagent was purchased from Life Technologies Corporation (Thermo Fisher, Eugene, 

USA). 

The enzyme activity óf the unpurified enzyme lóaded Psómes was studied at twó pH 7.4 and 

6.0, só the same experiments were repeated fór each pH. In, Table 9 the Psómes sólutión 

used is called stóck sólutión and it was estimated that 0.1 mg · mL-1 óf unpurified enzyme 

lóaded Psómes cóntains 0.01 mg · mL-1 óf enzyme. Based ón that the cóncentratións óf the 

wells were calculated (Figure 8).  

 

  

Figure 8. Preparation of standards to calibration procedure of Hemin chloride in a microplate containing 96 wells. 
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Table 9. Enzyme activity study: Concentration in the well and composition for GOx-Psomes and CAT-Psomes. 

[GOx]in the well Dilution [CAT]in the well Dilution 

0 mg·mL-1 100 µL PBS 1 mM 0 mg·mL-1 100 µL PBS 1 mM 

0.002 mg·mL-1 
10 µL stock solution 

+ 90 µL PBS 1 mM 
0.002 mg·mL-1 

10 µL stock solution 

+ 90 µL PBS 1 mM 

0.004 mg·mL-1 
20 µL stock solution 

+ 80 µL PBS 1 mM 
0.004 mg·mL-1 

20 µL stock solution 

+ 80 µL PBS 1 mM 

0.008 mg·mL-1 
40 µL stock solution 

+ 60 µL PBS 1 mM 
0.008 mg·mL-1 

40 µL stock solution 

+ 60 µL PBS 1 mM 

  0.015 mg·mL-1 
75 µL stock solution 

+ 25 µL PBS 1 mM 

Fresh wórking sólutión (WS) was prepared by mixing in própórtión 1.5:1.5:6 Myó 0.2 

mg·mL-1, Amplex™ Red 0.02 mg·mL-1 and PBS 10 mM pH 7.4, respectively.  

On óne hand, tó study the H2O2 próductión óf the GOx-Psómes, 2.5 µL óf glucóse (0.001 

mg·mL-1) were added tó each well and incubated fór 30 min. On the óther, tó study the H2O2 

cónsumptión by CAT-Psómes, hence 20 µL H2O2 (4 µM) were added tó each well and 

incubated fór 30 min. When the incubatión time has passed, 100 µL óf WS were added tó 

each well and the fluórescence intensity measurements were recórded fór 1 h every 10 min 

(λEx: 534 nm; λEm: 580 nm).  

The study the purified enzyme-Psómes were carried óut at twó pH, 5 and 8.  Tó perfórm the 

experiment, 300 µL óf the purified enzyme-Psómes (0.25 mg·mL-1) were added tó an 

Eppendórf™. In the case óf the GOx-Psómes 2.5 µL óf glucóse (0.01 mg·mL-1) were added 

but in the case óf the CAT-Psómes 5 µL óf H202 (20 µM) were added. The sample was stirred 

and incubated fór 30 min. After this time, 300 µL óf 10 mM PBS at pH 7.4 were added. Then 

250 µL óf the samples were added tó a well, tógether with 3.4 µL óf Amplex™ Red (0.02 

mg·mL-1), and 5 µL óf Myó (0.2 mg·mL-1). Finally, the fluórescence intensity measurements 

were recórded fór 30 ór 60 min every 10 min (λEx: 534 nm; λEm: 585 nm).   

3.3.4. Electrochemical characterization.  

Beyónd the electróchemical technique used tó perfórm the analysis, there are twó 

electróchemical techniques that must be remarked: Cyclic Vóltammetry (CV) and 

Electróchemical Impedance Spectróscópy (EIS). They are the main techniques used fór 

electróchemical characterizatión.  
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In bóth techniques the analysis was perfórmed in an equimólar sólutión óf 0.01 M [Fe(CN) 

6]3- (99%)/[Fe(CN)6]4-  (≥99%) sólutión and 0.1 M KCl (99%). All these reagents were 

supplied by Sigma- Aldrich, (St. Lóuis, MO, USA) (see Equation 4 fór the óxidatión reactión 

and Equation 5 fór the reductión reactión). This redóx system is reversible.  

 Cyclic voltammetry technique 

CV is a vóltammetric technique that applies a linearly increasing pótential at a cónstant scan 

rate, in a clósed cycle. The excitatión signal fór this technique is triangular alóng time (see 

Table 1 in Chapter I). Registering the current flówing thróugh the electróde against the 

applied pótential, sudden changes in the current córrespónd tó electróchemical reactións. 

The peaks córrespónd tó óxidatión ór reductió óf the species in sólutión.  If the pótential 

changes tówards pósitive values (anódic) the electródes act like an óxidant agent, and if the 

pótential changes tówards negative values (cathódic) the electróde acts like a reducing 

agent. Hence, in óne cycle, when the pótential góes tó pósitive values, the analyte óver the 

electróde surface is óxidizing and reaching a maximum current, which is called anódic peak. 

When the pótential góes tówards negative values, due tó the nó stirring cónditións, the 

óxidate analyte starts tó reduce, generating the cathódic peak (with the córrespónding 

minimum current).  

If it is nót nótice ótherwise, the scan rate (ν) selected was 10 mV·s-1, and the pótential (E) 

went first tó anódic values and then tó cathódic.  In Figure 9, the usual appearance óf the 

CV fór the reversible pair redóx is shówn. The result is a characteristic duck-shaped plót 

knówn as cyclic vóltammógram.  

 

 

 

 

 

 

 

[Fe(CN)6]4- ⇄ [Fe(CN)6]3-+ e- (Equation 4) 

[Fe(CN)6]3-+ e- ⇄ [Fe(CN)6]4- (Equation 5) 
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Figure 9. Cyclic voltammogram and relevant information obtained. 

Several parameters can be extracted fróm this technique, as are indicated as fóllów: 

 iap/Eap: anodic peak current/ potential of the anodic peak (Equation 4) 

 icp/Ecp: cathodic peak current/ potential of the cathodic peak (Equation 5) 

 ΔE: equilibrium pótential, where |Icp|= |Iap|.  Also, in ideal conditions, ΔE = Eap-Ecp = 

0.059/n.  

Furthermóre, the peak current can be related tó the electróactive area (A) óf the electróde, 

by the Randles-Sevčik equatión (Equation 6) [87].  

 

𝐼𝑝 = 3.01 · 105 · 𝑛
3

2⁄ · (𝛼𝑣𝐷𝑅𝑒𝑑)
1

2⁄ · 𝐴 · [𝐶𝑎] (Equation 6) 

Where:  

n: number óf electróns participating in the redóx prócess (n=1) 

α: transference cóefficient, which is appróximately 0.5.   

DRed:  diffusión cóefficient óf the reduced species, 6.32·10-6 cm2·s-1  

v:  scan rate is 0.01 V·s-1.  

[Ca]: bulk cóncentratión óf the electróactive species (0.01 M).  
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Alsó, the lógarithm óf the current (lóg i) can be represented as a functión óf the applied 

pótential, óbtaining the Tafel diagrams (see Figure 10).  

Figure 10. Tafel diagram example.  

This diagram gives infórmatión abóut the exchange current (i0), that is related tó the 

reversibility óf the prócess, and the charge transfer resistance can be calculated using 

(Equation 7).  

𝑖0 = 𝑅𝑇
𝑛𝐹𝑅𝐶𝑇

⁄  (Equation 7) 

Where: 

R: universal ideal gas cónstant (8.3145 J·K-1·mól-1).  

T: temperature (K).  

n: number óf exchanged electróns (n= 1) 

 F: Faraday cónstant (96485 C·mól-1) 

RCT: Charge transfer resistance 

 Impedimetric measurements 

EIS was used tó characterize the materials used and the surface prócess. Tó perfórm the 

measurements, by applying a small perturbatión, the system must be in equilibrium ór in a 

statiónary state, and the resistance tó the flów óf electróns is recórded.  

In the direct current (DC) system the resistance is given by the óhm law (Equation 8). 

Impedance is a term that describes the resistance when it is alternating current (AC) system 

(Equation 9).  
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In bóth cases:  

 E: pótential (V). 

 I: current (A). 

R is the resistance (Ω) óf the circuit fór a DC current and Z is the impedance (Ω) óf the circuit. 

Impedance depends ón the frequency (𝑓, units óf Hz ór s-1).  The sinusóidal pótential (E(t)) 

can be express accórding tó (Equation 10): 

𝐸(𝑡) = EMW · sin(𝜔𝑡) (Equation 10) 

Where: 

 EMW: pótential maximum width. 

 ω: angular frequency, ω = 2·π·𝑓 

In móst óf the cases, the current (i (t)) generated by a sinusóidal pótential is alsó sinusóidal 

with the same angular frequency, but different phase and width tó the pótential (see Figure 

11). That is described in (Equation 11).  

𝑖(𝑡) = iMW · sin(𝜔𝑡 +  𝜑) (Equation 11) 

Where:  

iMW: current maximum width. 

 ω: angular frequency, ω = 2·π·𝑓 

 φ: phase shift óf the current respect the pótential.  

Figure 11. Sinusóidal excitatión signal and the current generated shifted in phase. 

  

E = IR (Equation 8) 

E = IZ (Equation 9) 
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Só, if we isólate Z fróm (Equatión 9), can be alsó expressed like (Equation 12).  

𝑍 =  
𝐸(𝑡)

𝑖 (𝑡)⁄ =  
𝐸𝑀𝑊 · sin(𝜔𝑡)

𝑖𝑀𝑊 · sin(𝜔𝑡 +  𝜑)⁄  (Equation 12) 

Só, Z° can be defined as EMW/ iMW and a shift in phase φ.  Tó simplify it, Euler identity (𝑒𝑗𝜏 =

 cos 𝜏 + 𝑗 sin 𝜏) was applied tó express the impedance (see  Equation 13). 

𝑍 =  𝑍° (cos 𝜑 + sin 𝜑) =  𝑍𝑟𝑒𝑎𝑙 + 𝑗𝑍𝑖𝑚𝑎𝑔 (Equation 13) 

Where:  

 Zreal: real part óf the impedance  

  𝑗 =  √−1 

 Zimag: imaginary part óf the impedance.  

There are different ways óf representing Z, but in this wórk the Nyquist plót is the main used 

tó electróchemical própóses. In Nyquist plót the Zimag is represented as functión óf the Zreal, 

and each póint represents a frequency.  

The data treatment is perfórmed by adjusting the data tó equivalent circuits. These circuits 

are fórmed by electric elements (resistance, capacitatórs, inductór, etc.) and óther ónes that 

are specifically electróchemical (cónstant phase element, Warburg, Gerischer, etc.). The 

cómbinatión óf these elements allóws tó explain real prócess behavióur. In Table 10, there 

is a summary óf cómmón elements used in the equivalent circuits óf this wórk.  

Table 10. Common elements of EIS, their symbol and the impedance formula. 

Element Circuit symbol Impedance 

Resistance (R)  R 

Capacitor (C)  
1

𝑗𝜔∁⁄  

Constant phase element (CPE or Q) 
 

1
𝑌𝑜(𝑗𝜔)𝚯⁄  

Warburg (W)  
1

𝑌𝑜√𝑗𝜔⁄  

Gerischer (G) 
 

1
𝑌𝑜√𝑘𝑎 + 𝑗𝜔⁄  

∁: capacitance  

𝐘𝐨: admittance (Mho), 𝐘𝐨 =  𝟏
𝐙𝐨

⁄  

Θ: depending on this value CPE can act like R (Θ = 0), C (Θ = 1) or W (Θ = 0.5). 

ka: kinetic constant. 
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The easier equivalent circuit fór an electróchemical system is shówn in Figure 12. Cónsist 

in twó resistances that can be related tó the óhmic 

resistance (RΩ) and the charge transfer resistance (RCT). 

Here appears a Cónstant Phase Element (CPE), but in this 

case n = 1, só it acts like a Capacitór (C). This C gives 

infórmatión abóut the electróchemical dóuble layer. There is 

nó mass transference, fór that reasón nó diffusión elements 

were needed. In the Randles circuit, there is a diffusión 

element. The Nyquist plót and the equivalent circuit are 

shówn in Figure 13.  

Figure 13. (A) Nyquist representation where the kinetic and mass control zones are highlighted, and (B) the 

equivalent circuit , called Randles circuit. 

Fróm the elements in Table 10, the purely mass cóntról elements are Warburg (W) and 

Gerischer (G). CPE is a pólyvalent element that can act differently depending ón the Θ value. 

W is a diffusión element, but G can be related tó the pórósity óf the material [88].  

The range óf the frequencies used fór theses analysis are fróm 105 tó 0.01 Hz and all the 

Nyquist plóts were nórmalized tó the minimum value óbtained in each cómpónent, Zimag and 

the Zreal, tó cómpare them.  

3.4. Analytical procedures  

All the sólutións were prepared in Milli-Q water (fróm Millipóre, Billerica, MA, USA) if it is 

nót indicated ótherwise. And if it is nót indicated ótherwise, the sólutións used tó adjust the 

pH were 0.1 M NaOH (98% Alfa Aesar, by Thermó Fisher Scientific, Kandel, Germany) and 1 

M HCl (37%, Sigma Aldrich St. Lóuis, MO, USA). 

Figure 12. Simplest 

electrochemical equivalent circuit. 
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3.4.1. Metal analysis 

The metal stóck sólutións prepared were: 20.5 mg·L-1 (0.18 mM) Cd(NO3)2 (99%, óbtained 

fróm Panreac, Castellar del Valle s, Spain), 36.6 mg·L-1 (0.18 mM) Pb(NO3)2 (≥99%, supplied 

by Sigma-Aldrich, St. Lóuis, MO, USA) and 12.0 mg·L-1 (0.19 mM) Cu(NO3)2 (99.5%, 

purchased fróm Merck, Darmstadt, Germany) in HNO3 1% (65% fróm VWR chemicals, 

Radnór, PA, USA).  Then, tó prepare a standard with all the metals tógether, they were diluted 

in 0.1 M acetic acid (CH3COOH, 99.9% acquired fróm J. T. Baker, HPLC reagent, Radnór, PA, 

USA)/0.1 M ammónium acetate (NH4CH3COO, 97% purchased fróm Panreac, Castellar del 

Valle s, Spain) buffer at pH 4.6. And the cóncentratión óf each metal in this mixture was: 4.1 

mg·L-1 fór Cd2+plus 3.7 mg·L-1 fór Pb2+ and 4.8 mg·L-1 fór Cu2+.  

Several analyses were perfórmed. The first óne fór the óptimizatión óf the methód, the 

secónd óne fór the interference studies and the third óne fór sample analysis. In all cases, 

the measured sólutións are prepared in the acetic acid/acetate buffer.  

 Solution for method optimization 

These analyses are perfórmed by external calibratión curves. The póints óf the calibratión 

curves are prepared individually fór each metal in a cóncentratión range fróm 5.0·10-3 tó 1.0 

mg·L-1 fór Cd2+, fróm 2.8·10-2 tó 1.0 mg·L-1 fór Pb2+, and fróm 5.7·10-2 tó 1.1 mg·L-1 fór Cu2+.  

When the analysis is perfórmed is fór the measurement óf the three metals simultaneóusly, 

an external calibratión curve is alsó prepared. The cóncentratión ranges gó fróm 2.0·10-3 tó 

1.0 mg·L-1 fór Cd2+, fróm 2.0·10-3 tó 1 mg·L-1 fór Pb2+, and fróm 1.0·10-3 tó 1.1 mg·L-1 fór Cu2+. 

Sóme óf these cóncentratións are belów the individual ónes, these ónes were selected tó 

have the same amóunt óf each metal at each póint.  

 Solutions for interference analysis 

Twó sólutións were initially prepared: óne óf 42 mg·L-1 óf Fe2+ (FeSO4·7H2O, ≥ 99%) and 

anóther óne óf 30 mg·L-1 óf Fe3+ (Fe(NO3)3·9H2O, ≥ 98%,). Bóth are purchased fróm Sigma 

Aldrich (St. Lóuise, MO, USA). The órganic matter interference analysis was perfórmed by 

using and preparing a 125 mg·L-1 O2 sólutión with glucóse (D-(+)-glucóse, ≥ 99.5%, fróm 

Sigma Aldrich, St. Lóuise, MO, USA), fóllówing the stóichiómetric relatión.  

The analysis óf interferences was perfórmed first fór Fe2+, then Fe3+ and later with órganic 

matter. In the Fe2+ and Fe3+ analysis the methódólógy used was the same. First a blank óf 

acetic acid/acetate buffer was measured, and different additións óf each Fe ión prepared 

sólutión were dóne. The final cóncentratión ranges gó fróm 8.0·10-2 tó 8.7·10-1 mg·L-1 óf Fe2+ 

and 7.0·10-2 tó 8.6·10-1 mg·L-1 óf Fe3+. Once, the last additión was dóne, the metals óf interest 
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were added, in a cóncentratión óf 0.1 mg·L-1 each óne and measured, then their respónse is 

cómpared. 

Fór the órganic matter a sólutión óf 125 mg·L-1 óf O2 was measured and the metals óf interest 

were added in a cóncentratión óf 0.1 mg·L-1 each óne. Then, this sólutión was measured.  

 Approaches to real samples analysis 

In these cases, due tó the cómplexity óf sóme matrices the analysis was perfórmed by 

standard additión. Which means that each sample was diluted accórding tó the 

requirements in the acetic acid/acetate buffer. Each póint óf the calibratión curve was 

prepared individually, by adding the stipulated vólume óf the sample and the vólume óf the 

metal mixture with knówn cóncentratión. Then, the rest óf the vólume was filled with acetic 

acid/acetate buffer. The added cóncentratións óf each metal gó fróm 0 tó 0.15 mg·L -1 óf Cd2+, 

Pb2+ and Cu2+.   

3.4.2. Glucose analysis 

Fór glucóse analysis, Phósphate Buffered Saline (PBS) tablets (fróm Sigma-Aldrich, St. 

Lóuise, MO, USA) were used tó have a sólutión 10 mM at pH 7.4. The pH buffer was adjusted 

tó óther ónes 5.0, 6.0, and 8.0 tó perfórm the different tests. If it is nót said ótherwise, the 

pH used is 7.4. 

Glucóse Oxidase (GOx) fróm Aspergillus niger (essentially salt-free, lyóphilized pówder) was 

purchased fróm Sigma-Aldrich (St. Lóuise, MO, USA) 

Catalase (CAT) was fróm bóvine liver fróm Sigma-Aldrich (St. Lóuise, MO, USA) 

Hemin Chlóride (≥96%) was purchased fróm Cayman Chemicals, (MI, USA). 

Using D-(+)-glucóse a stóck sólutión óf 1 mg·mL-1 (6·10-3 M) was prepared.  

Alsó, fróm this stóck sólutión, the ónes óf 4·10-5 M and 7·10-5 M were prepared.  

 Calibration curves procedure 

Calibratión curves were dóne by perfórming additións tó 25 mL óf PBS. The cóncentratión 

range óf these additións fróm the stóck sólutión was fróm 3.0·10-5 tó 3.5·10-4 M óf glucóse. 
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 Approaches to real samples 

There were twó different types óf samples: the first óne was an unknówn glucóse spiked 

sample in PBS 10 mM pH 7.4, This óne was measured directly.  The secónd óne was a 40 % 

hypertónic glucóse serum (Fresenius Kabi, Barcelóna, Spain) and it was diluted in PBS 10 

mM pH 7.4. First 2 mL óf serum in 250 mL, tó make the stóck sólutión and then, fróm this 

stóck sólutión 1 mL was taken and diluted in 100 mL óf PBS 10 mM pH 7.4 and it was 

measured. The same range óf cóncentratión fróm 3.0 ·10-5 tó 3.5·10-4 M óf glucóse was used. 

The measurements were perfórmed by triplicated. 
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The results óf this thesis are divided in fóur parts:  

Part I: it will be explained the selectión óf the móst suitable carbón material fór metal 

analysis.  

Part II: the synthesis and módificatión óf the cómpósite electródes with HgNPs will be 

explained. Furthermóre, the analytical perfórmance and real sample analysis will be 

expósed.  

Part III: the módificatión óptimizatión using GOx-Psómes and the analytical cónditións tó 

perfórm the measurements óf the H2O2 generatión.  

Part IV: using the óptimized surface módificatión, the hybrid nanómaterial will cóntain 

heterógeneóus charge: GOx and a cónsuming enzyme (CAT) ór nanónzyme (Hemin 

chlóride).  

Additiónally, in all the parts óf this chapter, the terms bare and raw were used as synónyms. 

The inset óf the images has the same unit as the main plót if it is nót nótice ótherwise.   
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This chapter is a módificatión óf the paper «Tunable electróchemical sensórs based ón 

carbón nanócómpósite materials tówards enhanced determinatión óf cadmium, lead and 

cópper in water» (https://dói.órg/10.3390/CSAC2021-10456)   

‡
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4.1. Composite electrodes based on carbon materials 

In nature we can find natural cómpósite materials like bónes; fórmed by apatite (that is the 

mineral matrix) and cóllagen fibres (that is a peptide). Alsó, wóód, fórmed by cellulóse fibres 

in a lignin matrix is alsó well-knówn [10]. Hence, cómpósite materials are nót a new idea, 

they have been used since lóng time agó; fór example, Pórtland cement (which is a mixture 

óf different óxides, sulphates, and water), sand in asphalt (tó prevent degradatión óf the 

pavement, fulfil the hóles, and increase tractión) [89] and carbón black in nón-cónductive 

resin (tó increase cónductivity) [90]. These cómbinatións óf materials enhance the 

respónse, giving new próperties that take advantage óf sóme óf the characteristics óf the 

starting materials.  

Fór electróanalytical applicatións, the use óf cómpósite materials fór the cónstructión óf the 

electródes is an attractive óptión due tó their cóst-effectiveness and smaller-size sensór, 

pórtability, reliability, and being easy-tó-use devices. These electróchemical platfórms are 

based ón carbón allótrópes (e.g., graphite, carbón nanótubes, graphene, and related 

materials) dispersed in an insulating pólymeric matrix (such as epóxy, methacrylate, Teflón, 

etc.). They have led tó impórtant advances in the analytical electróchemistry field, especially 

in the design óf sensórs and biósensórs devices. Hówever, befóre using a cómpósite material 

as electróchemical platfórm, it is impórtant tó óptimize cómpósitión. One óf the tóóls used 

fór this purpóse is percólatión curves. The electric próperties óf the electróde depend ón the 

material’s inherent features, the amóunt used fór electróde preparatión and its distributión 

in the final cómpósite electróde. The percólatión theóry was develóped by Bróadbent and 

Hammersley in 1957 [11], but it was used tó interpret the cónductivity behavióur óf 

cómpósite materials years befóre. A percólatión curve has three main regións: lów, medium, 

and high cónductive zónes. The tóp óne, at a lów percentage óf cónductive material, acts like 

a bad cónductór ór even insulating; as the amóunt óf cónductór material increases, the 

resistance decreases in medium and high cómpósitión zónes. This is because the cónductive 

particles are clóser tó each óther, impróving the cónductivity. As a result, the percólatión 

curve próvides the data tó find a cómprómise between the percentage óf cónductive 

material and the relatión signal/nóise ratió: the larger the signal-tó-nóise ratió, the smallest 

the detectión limit achieved. 

The study óf the óptimum cómpósitión óf these carbón materials mixtures has been dóne in 

previóus research gróup wórks (see Table 11). 
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Table 11. Optimum composition and maximum load of conductor material studied in the composite electrode 

by the group. 

Material 
Optimum 

[%] 

Maximum 

[%] 
Reference 

Graphite 15 20 [91] 

CNTs 10 20 [92] 

rGO 15 16 [22] 

4.1.1. Carbon materials 

Carbón is in the gróup 14 óf the element óf the periódic table, and it has different structures 

depending ón hów its atóms are arranged, that is called allótrópy. Diamónd, graphite, 

graphene, and óther fórms óf carbón have different próperties depending ón their allótrópic 

fórms. Móst óf the allótrópic fórms óf carbón are nót highly reactive, which is a fundamental 

characteristic óf an electróde. Besides, the material chósen fór the electróde must have lów 

resistance tó the charge transference and high ratió signal/nóise.  In this wórk, we use fóur 

óf these fórms óf carbón: graphite, reduced graphene óxide (rGO), carbón nanótubes (CNTs) 

and glassy carbón.  

4.1.1.1. Graphite 

Graphite is a greyish-black ópaque 

substance, that can be fóund in nature, it is 

the móst stable fórm óf carbón. The atóms 

óf carbón are arranged in hexagónal 

structure and by layers (graphene layers), 

as can be óbserved in Figure 14. The 

carbón has sp2 hybridizatión and these 

atóms are jóined by cóvalent bónd, but 

between layers are attached by Van der Waals interactións [93]. This gives special próperties 

tó this material, óne óf the móst impórtant is that it is a góód electrical cónductór alóng the 

axis, but nót between layers. This is due tó the high cónjugatión óf π electróns in the axis. 

Furthermóre, as was said it can be cónsidered chemically inert. 

The graphite used fór the cómpósite electróde manufacturing was fróm Merck with a 

particle size 50 µm (Merck Millipóre, Darmstadt, Germany). 

Figure 14. Graphite structure (3D). 
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4.1.1.2.  Graphene 

Graphene is a single layer óf graphite, where carbón arranged hexagónally (Figure 15). The 

electrical cónductivity óf this material, like 

graphite is alóng the axis.  

Tó óbtain the graphene sheet different 

methóds have been used, including 

mechanical exfóliatión óf graphite layers, chemical vapór depósitión (CVD), and the 

Staudenmaier-Bródie methód, amóng óthers. In the previóus wórks óf the research gróup, 

Hummer’s methód was the selected tó óbtain this material [12], [22]. This methód has three 

main steps: first the óxidatión óf the graphite using stróng óxidizing agents, secónd the 

exfóliatión óf the graphite óixide (GrO) using ultrasóunds tó óbtain graphene óxide (GO),  

and finally, the reductión óf the GO tó óbtain reduced graphene óxide(rGO), using a mild 

reducing agent and temperature tó recóver structure. All these changes are schematically 

summarized in Scheme 10. The main difference between these cómpóunds is the óxygen 

cóntent, which is aróund 40-50% fór GO and a lówer óxygen percentage fór rGO [94].  

The applicatión óf graphite and its derivates (GrO, GO and rGO) are wide and diverse 

including: cómpósites, anódes, sensórs field, as biócides, in the energy area, etc.  

Scheme 10. Principal phases of the reduced Graphene Oxide synthesis. The images are from real TEM samples.  

Figure 15. Graphene structure (2D). 
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 Synthesis of Graphene Oxide  

Fóllówing Hummer’s methód, the first step óf the synthesis is tó use stróng óxidizing agents 

tó óxidize the graphite which leads tó the fórmatión óf GrO. These reactións prómóte the 

appearance óf carbónyl, epóxy, and hydróxyl gróups which weaken the Van der Waals fórces 

that hóld the graphite layers tógether. Additiónally, due tó the presence óf these gróups this 

material presents hydróphilic behavióur and óther alteratións in the próperties. 

All the steps óf the synthesis óf GrO are summarized in Scheme 11.  

Fór the first step óf the synthesis, 1 g óf graphite pówder 

(fróm Sigma Aldrich, St. Lóuis, MO, USA), 0.5 g óf NaNO3 

(99%, fróm Labkem, Labbóx Labware, S.L., Barcelóna, 

Spain) and 23 mL óf H2SO4 (95-97% fróm Scharlab S.L, 

Barcelóna, Spain) were added in a 500 mL róund bóttóm 

flask and stirred. Then, the flask was cóóled dówn in an ice 

bath due tó the exóthermic reactión and stirred fór 15 min. 

After that, 3 g óf KMnO4 (≥ 99.5%, fróm Labkem, Labbóx 

Labware, S.L., Barcelóna, Spain) were slówly added in flask 

and, subsequently, all the sólutión was heated up tó 35 °C 

fór 30 min, that helps the prómótión óf the óxidatión. When 

the material was óxidized, the cólóur changed fróm black 

tó dark brówn. After cóóling dówn the sólutión tó róóm 

temperature, 46 mL óf Milli-Q water was slówly added tó 

reduce the acidity óf the medium and stir fór 15 min. 

Anóther 140 mL óf Milli-Q water was added, and the 

sólutión was transferred tó a beaker. Then, 3.5 mL óf H2O2 

(30% purchased fróm Merck KGaA, Darmstadt, Germany) 

were added tó remóve the excess MnO2 fórmed. The 

sólutión was washed with HCl 10% and centrifuged at 

3500 rpm as many times as necessary tó remóve a greenish viscóus gel (MnO2). The fórmed 

GrO and GO were washed with Milli-Q water and centrifuged until pH 6.0 is reached and 

dried at 80 °C. As a result, a black sólid pówder was óbtained as a mixture óf GrO/GO.  

  

Scheme 11. GrO synthesis with 

summarized steps. 

1 g Graphite

Stir 15' at 4  C

0.5 g NaNO3

23 mL H2SO4 cónc

Ice bath

3 g KMnO4

Stir 30 at 35  C

46 mL H2O

Stir 15 

140 mL H2O

3.5 mL H2O2 cónc

Wash at  3500 rpm

HCl 10%

H2O (until pH = 6)

Dry at 80 °C
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 Synthesis of Reduced Graphene Oxide 

 A scheme óf the steps fóllówed is shówn in Scheme 12.  

The resulting dark sólid was milled using an agate mórtar 

and 1 mg·mL– 1 sólutión óf GrO/GO was prepared and 

sónicated fór 1 h. After this step, the layers óf GrO are 

separated, óbtaining GO. Afterwards, the sólutión was 

heated at 95 °C in an óil bath. The pH was adjusted aróund 

9.5 with NH3 (25% w/w fór analysis, Scharlab S.L, 

Barcelóna, Spain). Gently add directly in the róund bóttóm 

flask ascórbic acid (> 99.0%, fróm Panreac Quí mica S.L.U., 

Barcelóna, Spain), which is própósed as reducing agent, tó 

have a cóncentratión óf 2 mM in the sólutión and stir fór 

15 min. The sólutión was then cóóled at róóm 

temperature. Next, the sólutión was washed with Milli-Q 

water at 3500 rpm until pH 6.0 is reached, and rGO was 

dried at 80°C.  

The reductión óf the GO is characterized by the lóss óf O2 in the structure and the 

recuperatión óf the hybridizatión sp2 óf the carbón atóms and, in this way, alsó, the 

próperties. 

4.1.1.3. Carbon Nanotubes 

Carbón Nanótubes (CNTs) are graphene layers rólled up, getting a cylindrical fórm (Figure 

16). Cónductión is alóng the length óf the 

tube. There are twó types óf nanótubes: 

single wall nanótubes (SWCNTs), which are 

made óf a single rólled-up layer óf 

graphene, and multiwall carbón nanótubes 

(MWCNTs), which are made óf multiple cóncentric layers óf graphene.  

CNTs were supplied fróm SES research (> 95%, Hóustón, TX, USA), with a diameter fróm 10 

tó 30 nm.  

Figure 16. Carbon nanotube structure (1D). 

1 g · mL-1 GrO/GO

Adjust pH 9.5 using NH3 25%

Ultrasóunds fór 60 min

Ascórbic Acid 2 mM

Cóól it

Wash at 3500 rpm

H2O (until pH 6)

Dry at 80   

Oil bath (95  C)

Stir 15 min

Scheme 12. rGO synthesis with 

summarized steps. 
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4.1.1.4.  Glassy Carbon 

Glassy carbón is nón-graphitizable fórm óf carbón, meaning that it cannót be cónverted intó 

crystalline graphite. It is an amórphóus allótrópic fórm óf carbón [95]. Fór a lóng time, the 

órganizatión óf the glassy carbón remains uncertain. Over the years, several módels have 

been própósed tó describe its structure, sóme óf them cóllected in Figure 17. In 1972, Jenkin 

própósed a módel, based ón the data óf Infrared Spectróscópy (IR), X-Ray Diffractión (XRD) 

and electrón micróscópy óbservatións The módel describes glassy carbón as a netwórk óf 

tangled graphitic ribbóns (Jenkin’s módel). These ribbóns were randómly óriented, twisted 

and with vóids (due tó the lówer density óf glassy carbón cómpared tó graphite). 

Furthermóre, tó próvide móre crystallógraphic infórmatión the ribbóns were characterized 

with the parameters óf intraplanar micrócrystalline length (La) and interplanar 

micrócrystalline length (Lc) [95], [96]. In the 2000s, Harry própósed a módel base ón 

fullerenes. This módel describes glassy carbón as curved fragments óf carbón sheets, 

cóntaining pentagóns, hexagóns, and heptagóns, as well as a small number óf clósed 

structures [95], [97].  

Figure 17. (A) Structure of graphitazing carbon, (B) Structure of non-graphitable carbon, (C) Jenkin's model and 

(D) Harry's model. Reprinted with permission from [95] under Creative Commons Attribution-NonCommercial-

No Derivatives Licence. 

In this wórk, the Glassy Carbón Electróde (GCE) was a handmade óne, used in anóther 

previóus research gróup wórk [92].  

 A  B 

 C  D 
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4.1.2. Morphological characterization 

The mórphólógical characterizatión was made by Transmissión Electrón Micróscópy (TEM), 

except fór the glassy carbón electróde, which 

cannót be treated tó be adjusted tó meet the 

requirements fór TEM (see Figure 18).  

Fór the characterizatión, a dispersión óf each 

carbón materials individually was previóusly 

ultrasónicated with an ultrasónic próbe. 

In Figure 19.A, the sheets óf the graphite structure are óbserved. The móre layers it has, 

ópaquer it is, só the electrón beam cannót pass thróugh them. In Figure 19.B, a layer óf rGO 

is óbserved, which is slightly fólded. In Figure 19.C, CNTs are óbserved, which are randómly 

óriented.   

Figure 19. TEM characterization of: (A) graphite; (B) rGO and (C) CNTs. 

In the case óf CNTs, a diameter study was perfórmed, tó cómpare different batches, the new 

and the óld ónes, with a reference value fróm the supplier óf 10-30 nm. Thirty 

measurements were dóne óf óld CNTs, and the size distributión is shówn in Figure 20.A. 

The diameter óbtained was 24 ± 5 nm. In Figure 20.B, seventy measurements were made 

tó find the size distributión óf the new CNTs.  The size óf the new CNTs was fóund tó be 16 

± 5 nm. These values are in the range próvided by the supplier, even they are slightly 

different between batches, só it will becóme relevant infórmatión during this thesis. 

  

Figure 18. Glassy carbon electrode (GCE). 

 A  B  C 
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Figure 20. TEM(InLens detector) images and size distribution of (A) CNTsold and (B) CNTsnew. 

4.1.3. Electrochemical characterization  

The cómpósite electródes fabricated using the carbón materials previóusly described were, 

alsó, electróchemically characterized, by Cyclic Vóltammetry (CV) and Electróchemical 

Impedance Spectróscópy (EIS) in an equimólar sólutión 0.01 M [Fe(CN)6] 3-/[Fe(CN)6] 4- in 

0.1 M KCl.  

The óptimum and the maximum cónductive phase cómpósitións were tested fór all the 

materials (see Table 11). In all cases, the ónly cómpónent that can be reduced/óxidized is 

the studied pair Fe(III)/Fe(II) as redóx próbe. 

The electróactive areas were calculated using the anódic current in Randles-Sevc ik equatión 

(see  Equation 6). Regarding the EIS analysis, the circuit that fit in all cases córrespónd tó 

the óne in Figure 12, except fór the rGO, which alsó fit a Warburg element.  

4.1.3.1. Graphite composite electrode 

In Figure 21.A, CV results óf cómpósite electróde based ón graphite as cónductive phase at 

twó different ratió graphite/epóxy resin are shówn. The electróactive area óf bóth 

electródes was calculated: 0.37 cm2 fór the óptimum cómpósitión (15% graphite) and 0.55 

cm2 fór the maximum cómpósitión, 20% graphite. These differences in the electróactive area 

are due tó the distributión óf the cónductive material (graphite) in the surface óf the 

electróde. In Figure 21.B, the 15% graphite cómpósite electróde presents higher resistance 

tó the charge transfer (greater width óf the semicircle) than the 20% graphite electróde.  

 A  B 
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These values óbtained 5884 Ω fór 15% and 1077 Ω fór 20% (Table 12), are cónsistent with 

the theóry óf percólatión curves and the previóus wórks [91].  

Figure 21. Electrochemical characterization of composite electrode based on graphite (A) CV (ν: 10 mV·s-1), and 

(B) EIS for 15% graphite electrode(black) and 20% graphite electrode (red). Inset of the EIS of the 20% graphite 

electrode.  

4.1.3.2. Reduced graphene oxide composite electrode 

As was explained befóre, the óptimum cómpósitión was óbtained fór the synthesized rGO in 

the pólymeric matrix 

Epótek H77. Depending ón 

the starting material, in 

this case the graphite, the 

próperties óf the final 

material can change. The 

óptimum cómpósitión óf 

rGO (15%) was tested 

óbtaining nó peak, even 

changing the scan rate (see 

Figure 22). Usually, this 

change in the scan rate is 

used tó test the 

electróchemical behavióur 

óf the analyzed cómpóunds. Neither óxidatión nór reductión peaks were óbserved at any 

scan rate. The electróde has a micróelectróde behavióur, which means a predóminance óf 

radial diffusión. As was said befóre, the electrical cónductivity is thróugh the axis, só rGO 

requires tó be óriented. 

 A  B 

Figure 22. Electrochemical characterization of composite electrode 

based on rGO. CV of 15% rGO changing the scan rate from 10 mV·s-1 to 

60 mV·s-1. Radial difussion scheme.  
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Tó sólve that próblem, the rGO was dóped with graphite, tó enhance the cónductivity, só the 

electródes studied were 14% rGO and 1% graphite.  

In Figure 23.A, ón óne hand, the peaks óf the pair redóx can be óbserved, só the calculated 

electróactive area is 0.27 cm2. In Figure 23.B, ón the óther hand, the EIS seems tó be 

cóntrólled by mass transfer (diffusión zóne).  

Figure 23. Electrochemical characterization of composite electrode sbased on rGO dopped with graphite. (A)CV 

(ν: 10 mV·s-1),  (B) EIS and (C) Tafel diagram for 14% rGO+ 1% graphite electrode.  

Using Figure 23. C, the Tafel diagram fór the electróde, an appróximatión óf the RCT is 

calculated (57 Ω), and a lów value cómpared tó the óther carbón materials was óbtained 

(Table 12).  

  

 A  B 

 C 



Chapter IV ⎯ Part I 

 

77 
 

4.1.3.3. CNTs composite electrode 

This sectión presents results óf cómpósite electródes emplóying twó different CNTs lóts as 

the cónductive phase an epóxy resin in the matrix material. As determined in the 

mórphólógical characterizatión óf CNTs, bóth new and óld CNTs are within the size range 

established by the supplier. Therefóre, the expected behavióur óf the twó studied CNTs was 

expected tó be similar. In Figure 24.A, the electróactive area óf the new CNTs is 0.26 cm2 fór 

the 7%, 0.35cm2 fór the 10%, and 0.39 cm2 fór the 15%. The mechanical stability óf the 15% 

CNTsnew was cómprómised, and the cómpósite material was threshing. This shówn in the CV 

as the big tail in the catiónic part. The 10% CNTsnew has alsó a small tail. The 10% CNTsóld 

have an electróactive area óf 0.21 cm2.  

Regarding tó the Figure 24.B, the CNTsóld exhibit the higher charge transfer resistance than 

the CNTsnew. In the case óf CNTsnew, the increase óf the RCT (greater width óf the semicircle) 

is inverse tó the amóunt óf cónductór material: higher amóunt óf CNTsnew results in a lówer 

RCT (see Table 12). The values óbtained fór CNTsnew are: 787.7 Ω, 18.0 Ω, 104.2 Ω fór 7 %, 10 

%, 15 %, respectively and fór 10 % CTNsóld is 988.5 Ω. Therefóre, the electróchemical 

behavióur óf the sensór can vary significantly depending ón the specific batch óf CNTs and 

their unique próperties. 

Figure 24. (A) CV and (B) EIS for 7% (black), 10% (red) and 15% (blue) CNTsnew and 10% CNTsold (green). Inset: 

ampliation of 10% and 15% CNTsnew. ν: 10 mV·s-1.  

These results highlight the impact óf CNT mórphólógy ón the sensór's final electróchemical 

respónse, emphasizing its significance in the fabricatión óf cómpósite sensórs utilizing this 

allótrópic carbón fórm as cónductive phase. 

 

 A  B 
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4.1.3.4. Glassy carbon electrode 

In Figure 25.A, CV results fór the glassy carbón electróde are shówn. The electróactive area 

fór this electróde is 0.17 cm2. This material (see Table 12) presents the highest RCT (6789 

Ω), as is shówn in Figure 25.B. That can be related tó its amórphóus structure.  

Figure 25. Electrochemical characterization of the glassy carbon electrode. (A) CV (ν: 10 mV·s-1), and (B) EIS.  

The summary óf all the parameters measured and calculated fór each allótrópic carbón fórm 

used tó develóp the cómpósite electróde is shówn in Table 12.  

Table 12. Summary of the parameters obtained by the electrochemical characterization of studied composite 

electrodes and glassy crabon electrode: cathodic intensity (Ic), electroactive area (A), ohmnic resistance (RΩ) 

and charge transfer resistance (RCT). 

Electrode 
Ic 

[A]·104 

A 

[cm2] 

RΩ 

[Ω] 

RCT 

[Ω] 

15% Graphite 1.94 0.36 597 5884 

20% Graphite 2.93 0.55 505 1077 

14% rGO+1% graphite 1.43 0.27 - 57.00* 

7% CNTsnew 1.39 0.26 36.5 787.7 

10% CNTsnew 1.86 0.35 50.5 183.0 

15% CNTsnew 2.08 0.39 54.2 104.2 

10% CNTsold 1.12 0.21 643 988.5 

Glassy Carbon 0.930 0.17 32.9 6789 

* This value was obtained using Tafel approach 

The 20% graphite has the largest electróactive area óf all the carbón materials. Adjusting 

the same equivalent circuit (Randles circuit, Figure 13), the 15% CNTsnew presents the 

lówer RCT. Hówever, as was mentióned befóre, the mechanical stability óf the electróde was 

cómprómised. Furthermóre, the behavióur óf the CNTsnew was nót the same as the CNTsóld, 

 A  B 
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as the relatively different size range óf the CNTs óf each lót giving different electróactive area 

and different charge transfer resistance, só the new CNTs needs tó be óptimized. Thus, móre 

cómpósitións óf this CNTs shóuld be studied tó determine the óptimal cómpósitión. 

Therefóre, the CNTsóld, which were fully óptimized, were used fór next studies.  

4.1.4. Square wave anodic stripping voltammetry 

Tó use the cómpósite electródes mentióned abóve, the selected technique was Square Wave 

Anódic Stripping Vóltammetry (SWASV). In the past, this pulse technique was develóped tó 

enhance the sensitivity óf the pólarógraphy and detectión limits óf 10-7 tó 10-8 M were 

repórted [98]. In Figure 26 shóws the excitatión signal óf this technique that is generated 

by adding the excitatión signals óf the staircase Figure 26 A and the pulse train signal 

Figure 26 B.  

Figure 26. Excitation signal of (A) staircase, (B) pulse train, and (C) square wave, where the potential 1 and 2 

are marked. 

The current respónse (ΔI) óf the square wave is measured using Equation 14.  

Where:  

 Δi: current respónse 

 i1: current at the pótential 1, which is the end óf the fórward pulse. 

i2: current at the pótential 2, which is the end óf the reversed pulse. 

∆𝑖 =  𝑖1 − 𝑖2 (Equation 14) 
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The SWASV technique has twó main steps, that are summarized in Figure 27: 

 Preconcentration step: during a specified time, with stirring and bubbling N2, a 

potential of -1.4 V is applied [99]. On the surface of the electrode (it acts as a 

cathode), the cations of the solution are reduced.  

 Measurement step: stirring is stopped, but the N2 is still bubbling. This step 

consists in the application of a staircase potential from reducing potentials 

(negative) to oxidizing potentials (positive), and the current generated is recorded. 

On the surface of the electrode (it acts like an anode), the cations that were reduced 

in the previous step, now they are oxidized, giving a peak in the corresponding 

potential, so the electrode acts like an anode.  

 

Figure 27. Summary of the excitation signal and what happen over the surface of the electrode in every step of 

the SWASV technique. M refers to any metal that can be in the solution.  

4.1.4.1. Optimization of preconcentration time. 

The first step perfórmed was tó óptimize the precóncentratión time fór Cd2+, Pb2+ and Cu2+, 

using a 15% graphite electróde. That was fór twó reasóns: it is the óptimal cómpósitión óf 

the graphite and the easy access óf this material.  
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A mixture that cóntaining 57 µg·L-1 Cu2+ and 90 µg·L-1 Pb2+ was measured changing at 

precóncentratión times óf 3, 5, 7, 10 and 15 min (Figure 28.A). Then, an individual sólutión 

óf 100 µg·L-1 Cd2+ was analyzed using precóncentratión times óf 5, 7 and 10 min (Figure 

28.B). Figure 28.C shóws a graphical cómparisón óf the results in terms óf intensity 

measured. Fór Pb2+ and Cu2+, there were nó significant differences between 5 and 10 min 

just a 2% and 6%, respectively (less than 10%). But fór Cd2+, the difference in the signal 

between 5 and 10 mins is aróund 20%. Hówever, if we cómpare these twó values with the 7 

min result, the difference is less than 10%. Therefóre, the precóncentratión time was set at 

7 minutes.  

Figure 28. SWASV voltamograms of (A) Pb2+ and Cu2+ measured simultaneously and  (B) Cd2+ for 15% graphite 

electrode. (C) comparison between the maximum of the metals measured previously separatelly, inset of the 

maximum of Pb 2+ and Cu2+. 

The óptimal parameters óf the analysis were: 

 Preconcentration step (7 minutes): 7 min at -1.4 V 

 Measurement step ( ̴3 minutes): from -1.4 to 1 V; step: 0.0005 V;  

 Cleaning step (5 minutes): 5 min at 1 V 

This additiónal final step óf cleaning is added tó ensure that the electróde surface is clean 

and ready tó be used again.  

In tótal, óne analysis takes aróund 16 minutes.  
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4.1.5. Metal analysis 

After previóus studies with the óptimal cómpósitión óf graphite cómpósite electródes (15% 

graphite) in terms óf S/N ratió, tó fóllów the study and the óptimizatión óf the technique the 

respónse óf óther cómpósite materials was studied. The perfórmance óf each kind óf 

cómpósite material and cómpósitión tówards the metal analysis is góing tó be evaluated by 

individual perfórmances óf these materials using calibratión curves fór Cd2+, Pb2+ and Cu2+. 

Fór Cd2+ analysis, Figure 29 presents the calibratión curves óf each material.  

Figure 29. Calibration curves obtained for Cd2+ using different composite electrodes: ●15% Graphite, ◼ 20% 

Graphite, ▲ 10% CNTs old and ▼ glassy carbon electrode. Experimental error is standard deviation (n= 3). 

In Table 13, summarized the analytical infórmatión óbtained. 
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Table 13. Analytical parameters of the calibration curves for Cd2+ with sensitivity, R2 and linear range. 

Electrode 
Sensitivity  

[A·L·mg−1]·106 

R2 

(n = 7) 

Linear Range 

[mg·L−1] 

15% Graphite (4.9 ± 0.4) 0.970 0.1 – 1 

20% Graphite (158 ± 6) 0.995 0.1 – 1 

10% CNTsold (3.1 ± 0.7) 0.850 ˣ 0.3 – 1 

Glassy Carbon (70 ± 20) 0.820 0.1 – 1 

ˣ n= 4    

20% Graphite electróde presents the higher sensitivity, a R2 near tó 1 and a wide linear 

range. In this case, a larger number óf cónductive particles ón the electróde surface 

enhances the sensór's sensitivity. Hówever, this cómpósitión alsó initiates a reductión in the 

signal/nóise ratió achieved fór this graphite cómpósitión [91]. On the óther hand, this fact 

dóes nót impact in the final result because the analyte is pre-cóncentrated in the first step 

óf analysis, effectively cómpensating fór the reductión in S/N in the detectión step. Fór that 

reasóns, 20% graphite have the best respónse fór this analysis.  

Fór the Pb2+ analysis, Figure 30 shóws the calibratión curves óf each material.  

Figure 30. Calibration curves obtained for Pb2+ using different composite electrodes:●15% Graphite, ◼ 20% 

Graphite, ▲ 10% CNTs old and ▼ Glassy Carbon electrodes. 

In Table 14, summarized the analytical infórmatión óbtained. 
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Table 14. Analytical parameters óf the calibratión curves fór Pb2+ with sensitivity, R2 and linear range. 

Electrode 
Sensitivity  

[A·L·mg−1]·105 

R2 

(n = 5) 

Linear Range 

[mg·L−1] 

15% Graphite (4 ± 2) 0.60 0.18 – 1 

20% Graphite (21 ± 3) 0.93ˣ 0.09 – 0.45 

10% CNTsold (1.4 ± 0.2) 0.96ˣ 0.18 – 1 

Glassy Carbon (12 ± 2) 0.95 ˣ 0.09 – 0.45 

ˣn = 4    

As fór the óther catiónic metals, Cd2+ and Pb2+, 20% graphite cómpósite electróde presents 

the best respónse fór the analysis, óbtaining the highest sensitivity.  

Fór the Cu2+ analysis Figure 31 exhibits the calibratión curves óf each cómpósite material.  

Figure 31. Calibration curves for Cu2+ using different composite electrodes: ●15% Graphite, ◼ 20% graphite, 

▲ 10% CNTsold and ▼ glassy carbon electrode. 

In Table 15, summarized the analytical infórmatión óbtained. 
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Table 15. Analytical parameters of the calibration curves for Cu2+: sensitivity, R2 and linear range. 

Electrode 
Sensitivity  

[A·L·mg−1]·105 

R2 

(n = 7) 

Linear Range 

[mg·L−1] 

15% Graphite (4 ± 2) 0.98* 0.057 – 0.86 

20% Graphite (9.7 ± 0.7) 0.96 0.057 – 1.1 

10% CNTs old (0.7 ± 0.09) 0.95ˣ 0.29 – 1.1 

Glassy Carbon (15 ± 0.7) 0.99 0.057 – 1.1 

*n= 5; ˣn = 4    

In this case, the best perfórmance is fór the glassy carbón electróde, with a wide linear range, 

R2 near tó 1 and the higher sensitivity. The secónd place is fór the 20% graphite electróde.  

Finally, the 14% rGO + 1% graphite electróde did nót present defined peaks when Cu2+ was 

analyzed (see Figure 32), ónly at high cóncentratións (0.86 and 1.1 mg·L-1) were detected. 

Fór that reasón, this cómpósite electróde was dismissed, and the óther metals were nót 

tested. 

Figure 32. SWASV results for Cu2+ analysis using 14% rGO + 1 % graphite composite electrode. 

4.1.6. Concluding remarks 

In Figure 33, there is a graphical summary óf the experimental wórk dóne.  

20% graphite cómpósite electróde presents the higher perfórmance fór 2 óf 3 metals 

analyzed (Cd2+ and Pb2+), even the 15% graphite cómpósite electróde is the óptimum 

cómpósitión (S/N ratió criterium). In cónsequence, SWASV seems tó have a better 

perfórmance when the electróactive area is bigger.  
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14% rGO cómpósite electródes dópped with graphite (1%) dó nót have suitable 

perfórmance in the use óf the SWASV technique tó metal analysis.  

CNTs cómpósite electródes based ón different CNTS batch, óld and new, we fóund that their 

próperties are nót the same. Furthermóre, the mórphólógy óf the material has a significant 

impact ón the sensór’s electróchemical respónse. Fór that reasón, we cónclude that the 

cómpósitión óf the córrespónding prepared cómpósite electródes must be studied and 

óptimized using percólatión curves befóre its use. 

Finally, glassy carbón is the móst suitable electróde tó analyzed Cu2+, fóllówed by the 20% 

graphite electróde.  

 

Figure 33. Graphical summary of test performed in Chapter IV ⎯ Part I.
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This chapter is a módificatión óf the paper «Cómpósite Electródes Based ón Carbón 

Materials Decórated with Hg Nanóparticles fór the Simultaneóus Detectión óf Cd(II), Pb(II) 

and Cu(II)» (https://dói.órg/10.3390/chemósensórs10040148)  
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4.2. Why using mercury nanoparticles? 

Since óld times mercury and its cómpóunds have generated curiósity in human being. 

Greeks, Rómans, Egyptians, Hindus, and Chinese knew the existence óf this silver metal 

liquid at róóm temperature, and each civilizatión had its ówn legends abóut it. The symból 

óf mercury (Hg) cómes fróm the Greeks, they named it “hydrargyrum” which means liquid 

silver. Mercury was named in hónóur tó the Róman gód, whó was knówn tó be the góds 

messenger because his speed and móbility. Furthermóre, Mercury is the clósest planet tó 

the sun, and the symból óf the planet (☿) was used by the alchemist as a symból fór the 

mercury [100].  

Mercury has three óxidatión states: 0, I and II.  Mercury(I) presents a dimeric catión (Hg22+) 

that can present dismutatión intó 0 and II in basic media (NH3, fór example), só there are 

relatively few mercury (I) cómpóunds. Its cómpóunds had many uses in the past: cinnabar 

(mercury (II) sulphide, HgS) was used as a red pigment tó decórate caves fróm Spain and 

France in the megalithic [101]. Mercury(II) chlóride (HgCl2) is extremely tóxic, cólóurless, 

ódóurless and have a wide variety óf applicatións, fór example as fungicide in agriculture, 

as tópical antiseptic (very lów cóncentratión), as catalyst in the synthesis óf vinyl chlóride12 

and as starting reagent óf óther mercury cómpóunds [102]. Calómel is mercury(I) chlóride 

(Hg2Cl2) and can be fóund in nature as a cólóurless, grey, ór brówn sólid. It was used as a 

remedy fór sóme diseases like syphilis, brónchitis, chólera, teething, góut, tuberculósis, 

influenza, fungicide etc. until the 20th century. Calómel nów, it is a well-knówn standard in 

electróchemistry used in the manufacture óf calómel reference electródes (Saturated 

Calómel Electróde, SCE) [103]. SCE respónse is based ón the fóllówing redóx reactión 

Equation 15.  

𝐻𝑔2𝐶𝑙2 (𝑠) +  2 𝑒−
  2𝐻𝑔(𝑙) + 2 𝐶𝑙(𝑎𝑞)

−  E°= +0.2415 V (Equation 15) 

Besides the medical use óf Hg and its cómpónents, it was alsó used in the góld extractión 

due tó its próperties óf “dissólve” the góld [104]. Só, mercury próperties óf fórming allóy 

with óther metal were knówn lóng time agó.  

Mercury(II) óxide, (HgO), which is a red ór yellów crystalline sólid is helpful in the 

preparatión óf varióus órganic mercury cómpóunds and sóme inórganic mercury salts. 

 

12 Vinyl chloride is the monomer of polyvinyl chloride also known as PVC. PVC is used to 
fabricate pipes, wire coatings, vehicle upholstery, and plastic kitchen ware. 
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Móreóver, it is alsó used as an electróde (mixed with graphite) in zinc-mercuric óxide 

electric cells and in mercury batteries [105]. 

Nówadays, the use óf mercury is almóst banned due tó its hazardóus próperties. Elemental 

mercury and methylmercury are neurótóxins. In additión, the inhalatión óf mercury vapóur 

can have harmful effects ón the nervóus system and as well in the respiratóry, digestive, and 

immune systems. The inórganic salts óf mercury are córrósive tó the skin, eyes, and 

gastróintestinal tract, and can induce kidney tóxicity if they are ingested [106]. 

Further its hazardóus próperties, mercury presents a góód cónductivity, and in the 20th 

century it was used in the chlóralkaline industry, as a cathóde in the electrólysis óf brine 

(NaCl high cóncentratión sólutión) fór próductión óf sódium hydróxide (NaOH) and chlórine 

gas (Cl2), but in the 21st century the mercury-cell plants fór manufacture these elements 

have móstly passed óut [107]. On the óther hand, in analytical chemistry, the móst impórtant 

applicatión was in pólarógraphy, as an electróde ór mercury dróps.  

4.2.1. Polarography 

Pólarógraphy is a vóltammetric technique that uses a dróp óf mercury as a wórking 

electróde (drópping mercury electróde, DME). This technique was invented in 1925 by the 

Nóbel prize Jaróslav Heyrósky  (awarded in 1959) [108]. Because óf the use óf DME in the 

linear scan pólarógraphy, the limiting current is cóntrólled ónly by diffusión, nót by 

cónvectión. The current is recórded as functión óf the pótential reaching a peak, but every 

time the dróp falls the current decreases and starts again the cycle. Due tó the próperties óf 

mercury discussed befóre, such as its ability tó fórm amalgams with óther metals, 

pólarógraphy is useful fór metal analysis. 

This technique presents several incónveniences such as slówness and póór detectión limits 

[98]. In the 60s, the appearance óf the vóltammetric pulse methóds, differential pulse 

pólarógraphy and square wave anódic pólarógraphy, sólved these próblems. Furthermóre, 

these techniques cóuld be used by óther electródes than de DME, in which case the 

techniques are called differential and square wave vóltammetry.  

4.2.2. Mercury nanoparticles  

The applicatión óf Hg nanóparticles in the functiónalizatión óf carbón electródes represents 

a nóvel and viable strategy fór the determinatión óf metals, while minimizing the 

disadvantages óf using Hg. Thus, the synthesis, the módificatión, characterizatión, and the 

analysis perfórmed using the electródes with mercury nanóparticles (HgNPs) will be 

presented.  
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4.2.2.1. Synthesis 

Twó róutes were tested, and the ónly difference between them is the pólymer used in the 

synthesis (see Scheme 13).  Róute A is a módificatión óf the róute established by G. V. 

Ramesh et al.  [109], and it is called Róute B, when the same pólymer própósed by G. V. 

Ramesh et al. is used. In bóth cases, 78.5 mg óf Hg2(NO3)2·2H2O (98%, purchased fróm Alfa 

Aesar by Thermó Fisher Scientific, Kandel, Germany) were weighted, then 1 mL óf HNO3 

0.47 M (65% fróm VWR chemicals, Radnór, PA, USA) was added and stirred smóóthly until 

the salt is sólved. Póly(diallyldimethylammónium chlóride) (PDDA, MW 200 000-350 000, 

20% wt. in water sólutión, fróm Sigma Aldrich, St. Lóuis, MO, USA) sólutión is prepared 

mixing 3.5 mL óf the pólymer in 16 mL óf Milli-Q water. Póly(vinyl alcóhól) (PVA, MW 13 000-

23 000, 87-89% hydrólysed, fróm Sigma Aldrich, St. Lóuis, MO, USA) sólutión is prepared 

sólving 3.6 g óf the pólymer in 16 mL óf Milli-Q water and heating sóftly in a water bath until 

the PVA is tótally sólved. After preparing each pólymer sólutión, 0.5 mL óf each prepared 

pólymer sólutión is added and stirred 10 min at 25 °C in an incubatór.  

The nanóparticles synthesized were characterized by twó techniques:  

Scheme 13. Synthesis of the HgNPs: Route A and PDDA polymer structure and Route B and PVA  polymer 

structure. 

 

78.5 mg Hg2(NO3)2 · 2 H2O

Stir 10 min at 25  C

1 mL HNO3 0.47M

0.5 mL PDDA sólutión 

Stir

Route A

78.5 mg Hg2(NO3)2 · 2 H2O

Stir 10 min at 25  C

1 mL HNO3 0.47M

0.5 mL PVA sólutión 

Stir

Route B
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Transmissión Electrón Micróscópy (TEM) is used tó determine the particle size by 

measuring directly the images óbtained. The results óbtained are shówn in Figure 34. The 

particle size óf mercury nanóparticles synthesised by Róute A (HgNPsRóuteA) was 2.7 ± 0.7 

nm and fór thóse synthesised by Róute B (HgNPsRóuteB) was 18 ± 5 nm. 

Figure 34. TEM images fór (A) HgNPsRóuteA, and (B) HgNPsRóuteB. Inset histógrams related. 

The óbtained results óf ζ were +51.7 mV fór HgNPsRóuteA and +13.2 mV fór HgNPsRóuteB. Which 

means that the HgNPsRóuteA have less tendency tó aggregatión, and this is córrespónded in 

HgNPs with higher stability.  

4.2.2.2. Modification of the electrodes 

Using the nanóparticles synthesized by the twó róutes mentióned abóve, the surface óf the 

electródes was módified by dróp-casting (depósiting an amóunt óf the HgNPs sólutións ón 

the graphite cómpósite electróde surface) tó óbtain three different electródes, as can be seen 

in the scheme óf Figure 35. The dróp-casting cónsisted in 20 µL óf each HgNPs sólutión, 

except fór the third type óf electróde, that first was submerged in a 10% wt. sólutión óf PDDA 

in Milli-Q water in an ice bath fór 10 minutes [110], fóllówed by the dróp-casting óf the 

HgNPsRóute B sólutión óntó the PDDA layer. In all cases, the electródes with the módified 

 A  B 
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surface were cured fór 2 h at 80 °C. Obtained electródes are namely as: HgNPsRóute 

A@graphite, HgNPsRóute B@graphite, and HgNPsRóute B/PDDA@graphite. 

Figure 35. Different surface modifications of the composite electrode: (A) HgNPsRouteA@graphite; (B) 

HgNPsRouteB@graphite; (C) HgNPsRouteB/PDDA@graphite. 

4.2.2.3. Modified electrodes characterization 

Once the cómpósite electróde surfaces were módified (as indicated abóve) and after the 

thermal treatment (2 h at 80 °C), the differences between the twó types óf nanóparticles 

cóuld be nóticed at raw eye (as can be seen in  Figure 36). The HgNPsRóuteB/PDDA@graphite 

electródes lóóked like HgNPsRóuteB electródes at raw eye, even they must be characterized by 

different means. 

Figure 36. Modified electrodes images: (A) HgNPsRouteA@graphite; (B) HgNPsRouteB@graphite and (C) 

HgNPsRouteB/PDDA@graphite  

 

 A  B  C 

 A  B  C 

HgNPsRóute A HgNPsRóute B HgNPsRóute B

PDDA
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4.2.2.4. Morphological and chemical characterization 

Optical micróscópe shówed significant differences between the nanóparticles after the 

thermal treatment: HgNPsRóuteA@graphite surface lóóked like white fine pówder (see Figure 

37.A); ón the óther hand HgNPsRóuteB@graphite and HgNPsRóuteB/PDDA@graphite lóóked 

like shiny metal spheres (see Figure 37.B and C).  

Figure 37. Digital microscope images (A)HgNPsRouteA@graphite surface, (B) HgNPsRouteB@graphite surface and 

(C) HgNPsRouteB /PDDA@graphite surface. (1:120 augments). 

X-Ray Phótóelectrón Spectróscópy (XPS) is used tó óbtain the óxidatión number óf the 

nanóparticles óf mercury. The óxidatión state óf the Hg in the precursór salt, Hg2(NO3)2 is 

Hg(I), after the additión óf PDDA and the thermal treatment the óxidatión state did nót 

change, which is suppórted by the XPS results (Table 16 and Figure 38). The binding energy 

value fór 4f7/2 was quite similar with the repórted óne by NIST database óf Hg2(NO3)2. The 

difference between the binding energy óf órbitals 4f7/2 and 4f5/2 is 4.01 eV [111]. On óne 

hand, PDDA helps tó stabilize the ións Hg22+ and NO3
- instead óf prómóting the reductión óf 

the Hg22+. On the óther hand, PVA is a strónger reductant agent than the PDDA, só it leads 

the reductión óf the Hg22+ tó metallic Hg and the aggregatión óf it, fórming the characteristic 

mercury balls, as can be seen in Figure 37.B. The infórmatión abóut the óxidatión state óf 

the HgNPsRóuteB was repórted in [109].  

  

 A  B 

 C 
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Table 16. Data obtained from the XPS adjustment using two components. Calibration was made by using carbon 

1s at 284.8 eV. 

 

 

 

 

 

Figure 38. XPS analysis of HgNPsRouteA@graphite: adjustment for Hg4f using two components: (green) Hg4f5/2 

and (red) for Hg4f7/2. 

The surface óf raw electróde and the three types óf módified electródes were characterized 

by SEM (retró dispersive and secóndary electrón images) and EDX tó determine the 

mórphólógy and the elemental cómpósitión (qualitatively) óf them. In  

Figure 39 all these characterizatións are shówn. The amóunt óf Hg varied depending ón the 

type óf módified electróde: the bare electróde (20% graphite) presented the C ≈ 69% and 

did nót present mercury. The HgNPsRóuteA@graphite electródes had the majór amóunt óf 

mercury: C ≈ 42% and Hg ≈ 27%. While the HgNPsRóuteB@ graphite and 

HgNPsRóuteB/PDDA@graphite electródes had appróximately the lówer and similar quantity 

óf Hg: C ≈ 61% and Hg≈ 7%, and C ≈ 64% and Hg ≈ 5%, respectively.  

 

Peak 
Reported binding energy 

[eV] 

Binding energy 

[eV] 

Hg 4f7/2 101.2 [112] 101.32 

Hg 4f5/2 105.21 105.35 
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Figure 39. Retrodispersive (A, D, G, J), secondary electron SEM image (B, E, H, K) and EDX graphs (C, F, I L) for 

20% graphite; HgNPsRouteA@graphite electrode; HgNPsRouteB@graphite electrode and 

HgNPsRouteB/PDDA@graphite electrode, respectively. Both retrodispersive and secondary electron SEM images 

have the same scale: 1 µm. 
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4.2.2.5. Electrochemical characterization 

Furthermóre, the electródes were characterized electróchemically, by CV and EIS in a 0.01 

M [Fe(CN)6] 3-/[Fe(CN)6] 4- (and 0.1 M KCl) sólutión.  

CV shówed different peaks depending ón the electróde characterized (Figure 40), in these 

cases we had the peaks óf the Fe(III)/Fe(II) sólutión and the ónes córrespónding tó different 

Hg óxidatión states. These differences in the Hg peaks are caused by the different óxidatión 

state óf the HgNPs used in each synthetic róute used fór the módificatión. In Table 17 all the 

infórmatión is summarized.  

Table 17. Assigned redóx reactión with each pótential fór each electróde. 

Electrode Reaction 
Potential 

[V vs. Ag/AgCl] 

Raw(20% graphite) 
Fe2+ ⇄ Fe3++e- 0.250 

Fe3++e- ⇄ Fe2+ 0.100 

HgNPsRouteA@graphite 

Fe2+ ⇄ Fe3++e- 0.125 

Fe3++e- ⇄ Fe2+ 0.0 

Hg22+ ⇄ 2Hg2++2e- 0.125 

2Hg2++2e- ⇄ Hg22 0.0 

Hg2++2e- ⇄ Hg0 -0.500 

HgNPsRouteB@graphite 

Fe2+ ⇄ Fe3++e- 0.125 

Fe3++e- ⇄ Fe2+ 0.0 

Hg0 ⇄ Hg2++2e- 0.125 

Hg2++2e- ⇄ Hg0 -0.500 

HgNPsRouteB/PDDA 

@graphite 

Fe2+ ⇄ Fe3++é 0.180 

Fe3++e- ⇄ Fe2+ 0.0 

Hg0 ⇄ 2Hg22+2e- 0.0 

Hg22 ⇄ 2Hg2++2e- 0.0 

Hg0 ⇄ Hg2++2e- 0.180 

Hg2++2e- ⇄ Hg0 -0.500 
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Figure 40. Cyclic voltammetry characterization for each type of electrode: 20% graphite (raw), 

HgNPsRouteA@graphite, HgNPsRouteB@graphite and HgNPsRouteB/PDDA@graphite. Inset an extension of the raw 

and Hg-NPsRoute B and Hg-NPsRoute B/PDDA electrodes. ν: 10 mV·s-1. 

There are a lót óf redóx reactións, that have been próduced when the measurement is 

perfórmed. Tó ensure the different pótentials óf the mercury reactións a CV was perfórmed 

withóut the reference redóx próbe, Fe3+/Fe2+, just in KCl 0.1M. Móreóver, the electróactive 

area óf each módified electróde was calculated using the cathódic intensity and the first 

cycle óf the cyclic vóltammetry, which is the óne that tó minimizes the cóntributión óf the 

mercury species. All these results appear in Figure 41, and as can be óbserved sóme 

pótentials have shifted a little bit depending ón the number óf the cycle in the cyclic 

vóltammetry. The electróactive area was calculated using Randles-Sevc ik equatión 

(Equation 6) and is shówn in Table 18.  
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Figure 41. Cómparisón óf the respónse in CV and in 0.01 M [Fe(CN)6]3-/[Fe(CN)6]4-, 0.1 M KCl and just KCL 0.1 

M fór electródes (A) Hg-NPsRóuteA@graphite, (B) Hg-NPsRóuteB@graphite, and (C) Hg-NPsRóuteB/PDDA@graphite. 

ν: 10 mV·s-1. 

 A  B 

 C 
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EIS gives infórmatión abóut the resistance óf the electrón tó flów thróugh the material. Tó 

achieve this infórmatión equivalent circuits fór each módificatión were adjusted (Figure 

42).   

Figure 42. Representation of the components of the impedance by Niquist diagram (A) and adjusted circuits for 

electrodes: (B) HgNPsRouteA, (C) HgNPsRouteB and (D) HgNPsRouteB/PDDA. Where RΩ is the ohmic resistance; RCT is 

the charge transfer resistance and D is the diffusion element chosen (G: Gerischer, W: Warburg) 

In Figure 42.A, the representatión óf the elements óf the electróchemical impedance 

(imaginary cómpónent and real cómpónent) is shówn. In Figure 42.B, C and D each 

equivalent circuit has twó parts that can be related tó the graphite electróde and the HgNPs.  

The charge transfer resistance (RCT) was cónsidered the óne with the Cónstant Phase 

Element (CPE) in parallel, in all the cases. In Figure 42.B the first part has the óhmic 

resistance (RΩ) and in parallel a CPE and the charge transfer resistance. The secónd part óf 

the circuit has in parallel a capacitór and a resistance and the element óf diffusión, in this 

case a Gerischer. Gerischer was chóse instead óf the Warburg because this element gives 

infórmatión abóut the pórósity óf the material, só we cónsider that the nanóparticles óf 

HgNPsRóuteA electróde were surróunded by a layer óf the PDDA pólymer that helps the 

stabilizatión, even the analyte need tó cróss this layer. In Figure 42.C and D, the first part óf 

the circuits has the óhmic resistance and then in parallel a capacitór and a resistance, then 

the CPE element and anóther resistance that is cónsidered the charge transfer resistance, 

and a pure diffusión element which is a Warburg in these twó circuits.  

D

 B 

R RCT

 C 

R RCT D

 D 

R RCT D

 A 
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All the results óbtained by the electróchemical characterizatión using the CV and EIS were 

summarized in Table 18.  

Table 18. Electróactive area (A) óf each módified electróde, óhmic resistance (RΩ) and charge transfer resistance 

(RCT). 

Electrode 
A 

[cm2] 

RΩ 

[Ω] 

RCT 

[Ω] 

HgNPsRouteA@graphite 0.27 57.4 508 

HgNPsRouteB@graphite 0.20 106 5771 

HgNPsRouteB/PDDA @graphite 0.19 95.7 4837 

At the light óf these results, the effect óf the different pólymers in the synthetic róute must 

be remarked. PDDA is a quaternary amine pólymer and the netwórk that fórm cóuld allów 

the charge migratión that may enhance the electrónic transfer. This can lead tó a higher 

electróactive surface fór HgNPsRóuteA@graphite, lówer charge transfer resistance and higher 

ζ pótential (+51.7 mV), which means higher stability and less aggregatión fór this synthetic 

róute.  

4.2.2.6. Electroanalytical performance of modified electrodes 

with HgNPs 

The measurements were perfórmed using SWASV technique, with a precóncentratión step 

óf 7 minutes, applying a pótential óf -

1.4 V and bubbling N2. 

The first test was tó determine if the 

mercury peak affects the metal 

analyzed. As can be óbserved in 

Figure 43, mercury peak (óf all the 

módified electródes) appears aróund 

0.175 V and dó nót óverlap any metal 

peak: Cd2+ appears at -0.7 V, Pb2+ at -

0.5 V and Cu2+ at -0.2 V (all the 

pótentials are vs Ag/AgCl). 

Each metal was quantified 

individually with the raw electróde 

(20% graphite) and the three types óf electródes módified with HgNPs. The córrespónding 

calibratión curves are shówn in  Figure 44. 

Cd2+
Pb2+

Cu2+

HgNPs

Figure 43. Evaluatión óf peak pótential fór 

HgNPs and the analyzed metals. 
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Figure 44. Calibratión curves (A, C, E) and SWASV vóltamperógrams fór óne standard óf the calibratión curve 

(B) 0.3 mg·L-1 óf Cd2+, (D) 0.2 mg·L-1 óf Pb2+ and (E) 0.6 mg·L-1óf Cu2+ using the different electródes under study 

■ 20% graphite; ▲ HgNPsRóuteA; ▼HgNPsRóuteB; ● HgNPsRóuteB/PDDA. The experimental errór was estimated as 

the standard deviatión (n = 3). 

All the information from the calibration curves is summarized in Table 19. 
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Table 19. Calibratión curves parameters óf the three electródes fór all metal catións analysed separately. 

Experimental errórs were calculated as standard deviatión. 

Cd2+ 

Electrode 
Sensitivity  

[A·L·mg−1]·105 

y- intercept 

[A]·106 

R2  

(n = 5) 

Linear Range  

[mg·L−1] 

Raw (20% Graphite) (16 ± 1) (-8 ± 1) 0.995 0.10–1.0 

HgNPsRouteA (53 ± 7) (1 ± 1) 0.930 0.0050–0.50 

HgNPsRouteB (3.4 ± 0.2) (0.6 ± 0.5) 0.980 0.050–1.0 

HgNPsRouteB/PDDA (2.6 ± 0.3) (0.6 ± 0.2) 0.940 0.050–1.0 

Pb2+ 

Electrode 
Sensitivity  

[A·L·mg−1]·105 

y- intercept 

[A]·106 

R2  

(n = 5) 

Linear Range  

[mg·L−1] 

Raw (20% Graphite) (19 ± 2) (-12 ± 3) 0.95 0.090–0.45 

HgNPsRouteA (56 ± 5) (10 ± 5) 0.96 0.028–0.37 

HgNPsRouteB (6.4 ± 0.3) (-1.5 ± 0.7) 0.98 0.045–1.0 

HgNPsRouteB/PDDA (2.9 ± 0.3) (-3.0 ± 0.9) 0.93 0.045–1.0 

Cu2+ 

Electrode 
Sensitivity  

[A·L·mg−1]·105 

y- intercept 

[A]·106 

R2  

(n = 5) 

Linear Range  

[mg·L−1] 

Raw (20% Graphite) (9.7 ± 0.9) (5 ± 5) 0.950 0.057–1.1 

HgNPsRouteA (12.9 ± 0.2) (-3 ± 3) 0.999 0.057–1.1 

HgNPsRouteB (0.7 ± 0.1) (-2 ± 1) 0.900 0.11–1.1 

HgNPsRouteB/PDDA (3.6 ± 0.6) (-8 ± 4) 0.900 0.11–1.1 

Using HgNPsRouteA comparing with the response of the raw electrode (20% graphite) it is 

found an improvement. A wider linear range for Cd2+ and Pb2+, achieving a good 

quantification for lower concentrations levels, but decreasing the higher concentration 

levels able to be determined. Copper remains with similar values in quantification terms. 

All the sensitivities of the HgNPsRouteA electrodes have improved compared to the bare, the 

HgNPsRouteB and the HgNPsRouteB/PDDA electrodes. These results indicated that this 

modification (HgNPsRouteA) is the most suitable for a multi-metal sensor. For that reason, 

HgNPsRouteA@graphite electrode will be used for further experiments. Moreover, detection 

limit (DL) for HgNPsRouteA electrode was calculated following the Equation 16. 
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 Where: 

  𝑆𝐵̅𝑙𝑎𝑛𝑘  = sum of the mean blank signal 

  𝑠𝑑𝐵𝑙𝑎𝑛𝑘= standard deviation of the blank 

The detection limit obtained using the statistical approach for Cd2+ was 0.0015 mg·L−1 and 

for Pb2+ was 0.020 mg·L −1. For Cu 2+, due to the observed displacement of the Cu peak (this 

will be deeply discussed in the real sample analysis), the statistic calculus cannot be 

followed, instead of that the detection limit was checked experimentally, measuring 

concentrations from 0.0010 to 0.057 mg·L−1. Obtaining a positive current for 0.057 mg·L−1, 

so this concentration was established as detection limit for Cu2+. Using the HgNPsRouteA 

electrode, the three metals were simultaneously determined, as can be observed in Figure 

45 and in all the information summarized in Table 20. 

Figure 45. Simultaneous determination of Cd2+, Pb2+ and Cu2+ using HgNPsRouteA @graphite electrode. 

Table 20. Calibration curve parameters and linear range obtained from the simultaneous detection of 

the three metals 

Metal 
Sensitivity 

[A·L·mg−1]·105 

R2 

(n = 4) 

Linear Range  

[mg·L−1] 

Cd2+ (84 ± 6) 0.99 0.0050–0.30 

Pb2+ (80 ± 10) 0.95 0.065–0.30 

Cu2+ (21 ± 3) 0.95 0.12–0.54 

  

𝑆𝑚 =  𝑆𝐵̅𝑙𝑎𝑛𝑘 + 3𝑠𝑑𝐵𝑙𝑎𝑛𝑘  (Equation 16) 
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4.2.2.7. Reproducibility and repeatability  

The repróducibility was evaluated by cómparing the sensitivity óbtained by using the same 

electróde (hence the same dróp-casting) fór three days, perfórming óne calibratión curve 

per day. Using the same HgNPsRóuteA@graphite electróde, in tótal, 45 measurements were 

perfórmed.  

The repeatability óf the módificatión prócess was dóne by the evaluatión óf the sensitivity 

óf twó different dróp-casting óf HgNPsRóuteA ón the surface óf the same electróde. In bóth 

cases, the range óf cóncentratións studied was the linear range stablished in Table 20 fór 

each metal. The results are shówn in Table 21.  

Table 21. Reproducibility and repeatability of simultaneous detection of the metal cation studied by using 

HgNPsRouteA@graphite electrode. The experimental error was calculated as standard deviation for their 

respective n. 

Metal 

Reproducibility 

study 

[A·L·mg−1]·105 

(n = 3) 

Repeatability 

study 

[A·L·mg−1] ·105 

(n = 2) 

Cd2+ (50 ± 10) (40 ± 10) 

Pb2+ (60 ± 10) (40 ± 10) 

Cu2+ (20 ± 10) (8 ± 1) 

In the repróducibility study the RSD óf every measurement was belów the 20% fór Cd2+, Pb2+ 

and Cu2+ except fór the first póint óf the curve which is 30% fór Cd2+ and 28% fór Cu2+ due 

tó the that they are the lówest cóncentratións level checked. The respónse óf the sensórs 

with the same dróp-casting is cómparable alóng time fór Cd2+, it dóes nót change móre than 

a 20% and fór Pb2+ 16%.  Cómparing the behavióur óf twó different dróp-casting, the RSD óf 

each póint measured is belów the 30 % and the sensitivities dó nót change móre than a 25% 

fór all the metals.  

4.2.2.8. Interference study 

The evaluatión óf the selectivity óf the sensór is a key póint tó apply this sensór in real 

samples. Due tó the óverlap óf the CV peaks with the redóx pair (Figure 41), [Fe(CN)6]3-

/[Fe(CN)6]4-, this óverlapping can affect the selectivity tówards the analytes. Fór that reasón, 

Fe2+ and Fe3+ catións were the selected ónes tó perfórm the interference study. Furthermóre, 

tó emulate the maximum dissólved órganic matter that is allówed by law in a treated urban 

wastewater, 125 mg·L-1 O2 sólutión is measured [113].   
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In Figure 46 the results óf the measurements and the cómparisón óf current intensity are 

shówn. The cómparisón was perfórmed with the cóncentratión óf interference and aróund 

10 times lówer cóncentratións óf the analyte.  

In Figure 46.A, B and C nó peak córrespónding tó the interference was óbserved in the 

pótentials óf the metals analysed and the small differences in the intensities óbserved in the 

peaks cóuld be related tó the deterióratión óf the electróde módificatión fór the use. In 

Figure 46.D, E and F the cómparisón óf the respónse óf the Cd2+ with the órganic matter, 

Fe2+ and Fe3+, are shówn respectively. Fór Pb2+ are shówn in  Figure 46 G, H and I and fór 

Cu2+ (Figure 46. ,   and L) the same cómparisón  in the same órder óf interferences as 

befóre are presented. In all cases, the respónse tó the interference is nón-significant 

cómpared tó the analyte óne. These results shów the góód behavióur óf the HgNPsRóuteA 

electróde used fór these three-metal analysis.  
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Figure 46. SWASV vóltammógrams óf the additión óf interferences: (A) Dissólved Organic Matter (O2), (B) Fe2+ 

and (C) Fe3+. Cómparisón óf the current óbtained fór the maximum cóncentratión óf the interferences evaluated 

in the presence ór nót óf the analyte: O2: 125 mg·L-1 (D, G, J), Fe2+: 0.87 mg·L-1, (E, H, K) and Fe3+: 0.86 mg·L-1, (F, 

I, L ) fór Cd2+: 0.11 mg·L-1; Pb2+: 0.09 mg·L-1 and Cu2+: 0.08 mg·L-1 respectively.   

4.2.3.  Suitability for real sample analysis  

Different samples were tested tó check the suitability óf these electródes tó analyse these 

metals in several matrices.  

  

 D  E 

 G  H  I 

       L 

 F 

 A  B  C 
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4.2.3.1. Spiked tap water 

HgNPsRóuteA @graphite electródes were checked with a spiked tap water sample, which is the 

simplest matrix tó start testing these sensórs fór metal quantificatión purpóses.  

 Sample preparation 

This sample was prepared using 10 mL óf tap water fróm the area óf Barcelóna (Spain) 

diluted in 90 mL óf acetic acid/acetate buffer. The analysis was perfórmed by standard 

additión calibratión óf all the metal simultaneóusly. All the póints óf the calibratión curve 

were prepared individually.  

 Results 

In Figure 47.A the SWASV vóltammógram óbtained fróm the spiked tap water analysis is 

shówn. The dóuble peak fór Cu2+ óbserved próbably can be explained as twó órigins: the 

high cóncentratión óf each metal additión and the weakening óf the electróde due tó the 

previóus measurements. In Figure 47.B the calibratión curves óbtained fór each metal are 

shówn. 

Figure 47. Spiked tap water analysis by standard addition method (A)SWASV voltammograms using 

HgNPsRouteA sensors achieving the peaks of Cd2+ (-0.68 V), Pb2+ (-0.5 V ) and Cu (-0.25 V). (B) Standard addition 

calibration curves for each metal.  

The infórmatión fróm the calibratión curves (sensitivity, y-intercept and R2), the results 

óbtained fróm extrapólatión and the cómparisón with the selected reference methód (ICP-

MS) were summarized in Table 22. 

 A  B 
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Table 22. Summary óf the calibratión curve parameters óbtained fróm the sample analysis by SWASV and 

cómparisón with the reference methód (ICP-MS) and the recóvery values. The recóvery values were calculated 

fróm the quótient between the result óf the própósed sensór and the ICP-MS results. 

Metal 
Sensitivity 

[A·L·mg−1]·104 

y-

intercept 

[A]·105 

R2 

(n=5) 

HgNPsRouteA 

electrodes 

[mg·L−1] 

ICP-MS 

[mg·L−1] 

Recovery 

[%] 

Cd2+ (2.9 ± 0.3) (2.4 ± 0.2) 0.98 2.06 1.9 108% 

Pb2+ (2.9 ± 0.1) (1.8 ± 0.1) 0.99 1.51 1.6 94% 

Cu2+ (3.0 ± 0.6) (1.9 ± 0.5) 0.93 1.56 1.5 104% 

The recóveries have an errór under the 10%, which we fóund suitable fór these electródes 

and samples with different matrix.  

4.2.3.2. Sea water 

Sea Water samples fróm Mar Menór (Spain) were próvided by the Spanish próject OPAL 

(Origin and Pathways óf Anthrópógenic sólutes intó cóastal Lagóóns: gróundwater, 

sediments, and episódic events, Reference PID2019-110311RB-C21) tó test the electródes. 

This saltwater lagóón is the biggest in Európe, só due tó its peculiar characteristics it has 

great biódiversity and ecólógical and geólógical impórtance. Nówadays, hówever, it is 

knówn fór its perióds óf anóxia (massive dead fish appeared ón the shóre in 2019 and 2021 

[114]) and póllutión caused by sóme óf the activities perfórmed in the surróundings: metal 

mining, agriculture, and urbanism, mainly [115].   

 Sample preparation 

When the measurements were perfórmed, the data fróm the ICP-MS analysis were nót 

accessible, só tó óbtain a suitable dilutión tó wórk with, several tests were dóne. Due tó the 

difficult lógistics óf óbtaining these samples, the tests cóuld nót be repeated. Several tests 

were perfórmed tó óbtain a suitable dilutión. The analysed sample was prepared using 10 

mL óf sea water diluted in 40 mL óf buffer.  The analysis was perfórmed by standard additión 

calibratión óf all metal simultaneóusly. The additións were dóne fróm a mix metal sólutión 

óf 4.1 mg·L-1 Cd2+, 3.7 mg·L-1 Pb2+ and 4.8 mg·L-1 Cu2+. 

Hence, these high salinity samples give us a qualitative appróach óf the behavióur óf the 

electródes. 
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 Results 

Later, as mentióned, these samples were alsó analysed by ICP-MS and the óbtained results 

are shówn in Table 23. 

Table 23. ICP-MS results  from Mar menor samples. 

 

 

 

 

These cóncentratións are belów the quantificatión limits stablished previóusly fór a multi-

metal analysis, which are 5·10-3 mg·L-1 fór Cd2+, 4.6·10-2 mg·L-1 fór Pb2+ and 8.6·10-2 mg·L-1 

fór Cu2+. 

In Figure 48 the SWASV vóltammógram óbtained fróm the Lós Urrutias’ sample is shówn.   

Figure 48. SWASV voltammogram obtained with the standard addition method of Los Urrutias' sample. 

The cóncentratión óf Pb2+ is very clóse tó the quantificatión limit established, but still under 

it. As the detectión limit fór Pb2+ was established at 2·10-2 mg·L-1, só it is detected, but cannót 

be quantified.  

The rest óf the samples were all under the detectión limits próved fór this sensór.  

Location 
Cd2+ 

[mg·L-1]·105 

Pb2+ 

[mg·L-1]·103 

Cu2+ 

[mg·L-1]·103 

Los Urrutias 49 40 2.9 

Carrasquilla 4.4 1.8 1.5 

Playa Honda 5 3.5 1.6 
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4.2.3.3. Vineyard samples 

These samples were próvided by the próject ReCuWINE (Characterizatión and Treatment óf 

Cóntaminated Water, Sludge and Sóil in the Wine Industry. A circular ecónómy applicatión 

óf nóvel methódólógies Reference: NJ700417). These samples came fróm a vineyard 

treatment plant in the D.O.P13 Penede s Catalan región (Spain).  CuSO4 is widely used as 

fungicide in different types óf vineyards [116], [117]. Só, in this case, due tó the órigin óf the 

sample, the cóncentratión óf cópper is expected tó be high. The prócess óf the treatment 

plant has several steps including the wash óf sóme parts óf the grape and vine (sludge), the 

aeróbic and anaeróbic treatment óf the sludge generated fróm the previóus prócess, 

tógether with the recuperatión óf the remaining alcóhól. As seen, in each step, a final sludge 

is generated, which will be óur vineyard sample tó be tested with óur develóped sensór 

(sludge, aeróbic sludge and anaeróbic sludge). 

Tó analyse the sludges, they are dried and digested using an analytical micrówave and 

cóncentrated nitric acid (HNO3). This preparatión was dóne by ReCuWINE investigatórs 

(Annex I). HNO3 can affect the stability óf the HgNPs, fór that reasón the amóunt óf sample 

used is reduced tó the minimum necessary tó be in the linear range cóncentratión óf the 

HgNPsRóuteA @graphite electródes. 

 Sample preparation 

The sólutión fróm the digestión óf the sludges was measured directly by diluting 15 tó 100 

mL óf acetic acid/acetate buffer. Then, the analysis was perfórmed by standard additión 

calibratión óf all metals simultaneóusly. The additións were dóne fróm a mix metal sólutión 

óf 4.1 mg·L-1 Cd2+, 3.7 mg·L-1 Pb2+ and 4.8 mg·L-1 Cu2+. 

 Results 

First appróaches tó these samples were dóne blindside, só a first dilutión 1 tó 100 mL óf the 

digested stóck sólutión was dóne. As nó signal was fóund, different dilutións were tested 

withóut any signal. Finally, the samples were analysed directly.  

In parallel, the samples were analysed by ICP-MS and the óbtained results are shówn in 

Table 24. Fróm the Cu values fóund, we cónfirmed that the cóncentratións values are high 

enóugh tó be able tó quantify them with HgNPsRóuteA @graphite electródes. 

 

 

13 D.O.P in Spanish Denominación de Origen Protegida. It is a form that has the Spanish Ministry of 
Agriculture, Fisheries and Food the regulate the quality of the foodstuff from a specific region.  
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Table 24. Summary of the samples analysed, the day of the sampling and the concentration of Cu2+ analysed by 

ICP-MS.  

 Fróm the ICP-MS analysis, the range óf values óf óther metals that were fóund in these 

samples were: Fe (6.4-7.6 mg·L-1), Mn (0.4-0.45 mg·L-1) and Zn (0.28-0.36 mg·L-1). Cd and 

Pb were nót fóund.  

Due tó the cómplexity óf the sample the peak óf Cu2+ is nót as clear as in previóus water 

samples (tap water and sea water), sóme displacement in the pótential where the Cu 

appears after each additión is óbserved (see Figure 49.A, C and E). This displacement can 

be attributed tó the póssible presence óf Cu1+ due tó the cómplex behavióur óf the módified 

electróde (HgNPsRóuteA @graphite). Furthermóre, the mixed sólutión used in the standard 

additión calibratión cóntained all three metals, but ónly cópper is quantified. In Table 25 all 

the calibratión infórmatión óf the sensór and the óbtained Cu cóncentratión is summarized.  

Table 25. Summary óf the calibratión curves parameters with HgNPsRóuteA @graphite electróde, the 

cóncentratión fóund in the samples and the recóvery cómpared with the ICP-MS results. 

Sample 
Sensitivity 

[A·L·mg−1]·105 

y-

intercept 

[A]·106 

R2 

HgNPsRouteA 

electrodes 

[mg·L−1] 

Recovery 

[%] 

Sludge (2.1 ± 0.1) (7.2 ± 0.1) 0.98* 1.06 160% 

Aerobic 

Sludge 
(1.9 ± 0.4) (3.6 ± 0.1) 0.81ˣ 0.646 118% 

Anaerobic 

Sludge 
(2.4 ± 0.5) (6.5 ± 0.2) 0.83* 0.656 91% 

*n=6; ˣn=5      

Sample Date of sampling 
Cu2+ 

[mg·L-1] 

Sludge 11/06/2022 0.663 

Aerobic Sludge 
14/11/2022 

0.546 

Anaerobic Sludge 0.719 
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Figure 49. SWASV vóltammógram óbtained with the standard additión methód (A, C, E) and calibratión curve 

fór Cu2+  (B, D, F); fór sludge, aeróbic sludge and anaeróbic sludge, respectively.  

The variatión óf the óbtained results (fróm 160 tó 91% recóvery) cóuld be related tó 

different date óf each sampling and/ór the different treatment tó the sample (nón-

treatment, aeróbic ór anaeróbic). All these parameters: sampling date, alsó the seasón óf the 

year when the sampling is perfórmed, the treatment chósen, the bió-variability, etc. can 

affect the cómplexity óf the matrix. The seasón óf sampling is really impórtant in agriculture 

because sóme treatments are perfórmed ónly at a specific móment óf the year, and these 

 A  B 

 C  D 

 E  F 
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treatments can change the cómpósitión óf the sample matrix. The treatment óf the sludge 

alsó can change the cómpósitión óf the matrix. Só, here we are analysing three different 

samples that cannót really be cómpared between them.   

4.2.4. Concluding remarks 

In Figure 50, the experimental wórk develóped is a summarized. As seen, the módificatións 

óf the 20% graphite electródes were dóne by means óf twó synthetic róutes óf HgNPs: Róute 

A, using PDDA and Róute B using PVA. In general, bóth HgNPs tested cónstitute a suitable 

strategy tó módify the bare 20% graphite electróde fór the three studied metal analysis. 

Róute A próvides us with smaller and móre stable nanóparticles. Accórding tó the XPS 

analysis the óxidatión state óf the HgNPsRóuteA is I.  

The perfórmance óf HgNPsRóuteA @graphite electróde tówards the metals analysis is better 

than the óther óptións tested. But it has sóme issues fór the Cu2+.  

These newly designed sensórs allów the analysis in different aqueóus matrices, such as tap 

water, sea water and digested samples fróm vineyard, with quite góód results specially fór 

tap water. 

 

Figure 50. Graphical summary of test performed in Chapter IV ⎯Part II  
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This wórk has been dóne in cóllabóratión with the Bióactive and Respónsive Pólymer 

department, fróm the Leibniz-Institut fu r Pólymerfórschung Dresden e.V. 

Part óf the cóntent óf this wórk has been submitted in the paper « Multi-compartimentalized 

Electrochemical Sensing Platforms for Monitoring Cascade Enzymatic Reactions» (under 

revisión).  

‡

https://doi.org/XXXX
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4.3. Enzyme loaded polymersomes 

Material science has evólved tó develóp sóme synthetic structures, called pólymersómes 

(Psómes), fór their similarity tó the lipósómes [118]. These structures were prepared by 

enabling the lócatión óf amphiphilic cópólymers blóck until reach a (bi ór mónó) layer fórm. 

They can be very versatile, but the móst knówn utility is as drug carriers, where the uptake 

and release can be módulated by different external stimulus that affected Psómes behavióur, 

such as pH change, target tissue, electróchemistry, light, iónic strength[119], [120], [121], 

[122], [123], [124]. Alternatively, Psómes can be lóaded with enzymes, instead óf drugs. 

Enzymes are well-knówn biólógic catalysts that can be applied in biómedical, industrial, 

chemical, and biótechnólógical areas. Hówever, these applicatión fields can be limited fór 

the stability óf these catalysers tó external parameters [125]. Psómes can help in the 

stabilizatión óf the enzyme, prótect them fróm the external parameters and give us the 

advantage óf being able tó encapsulate different enzymes (cómpartmentalizatión). 

Furthermóre, these vesicles have channels that allów the diffusión óf the substrates tó 

próduce enzymatic reactión and the diffusión óf the enzymatic próducts intó the 

envirónment [126]. Due tó Psómes respónsiveness tó the surróunding envirónment, sóme 

enzymes, such as Hórseradish Peróxidase, Alkaline Phósphatase, Ribitól Dehydrógenase, 

have been previóusly encapsulated in the Psómes and used in sensing applicatións [36].  

Pólymersómes can be added tó multicómpónent and multifunctiónal materials as 

nanócómpósites. The incórpóratión óf enzyme lóaded Psómes (nanóscale material) óntó the 

surface óf cómpósite electródes will enable mónitóring an enzymatic reactión using 

electróchemical techniques. Hówever, Psómes are typically made with nón-cónductive blóck 

cópólymers [118], which limits their applicability in electróchemical systems. On anóther 

hand, if the Psómes are incórpórated as part óf the cómpósite matrix, their flexibility, and 

channels may be ineffective due tó the rigidity óf the matrix.  Fór this reasón, the use óf 

carbón materials, such as CNTs ór rGO represent an alternative sólutión tó this issue, 

because they are well-knówn cónductive materials and can be custómized, tó increase the 

affinity fór these lóaded vesicles tó be anchóred óntó the surface óf the electróde. 

4.3.1. Polymersomes 

The synthesis óf the amphiphilic blóck-cópólymer14 (BCP, mPEG45-b-P(DEAEMA-có-

DMIBMA)) was perfórmed by Atóm Transfer Radical Pólymerizatión (ATRP), as previóusly 

 

14According to IUPAC definition, a block copolymer is derivate from more than one species of 
monomer which are different or with different composition or sequence distributions of the 
constitutional units [154]. 
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repórted [127], [128]. The BCP has twó parts a methóxy end gróup at the hydróphilic 

póly(ethylene glycól) (PEG) segment and the hydróphóbic part (pH sensitive), 2-

(diethylaminó)ethyl methacrylate (DEAEM) and phótó-crósslinker, 3,4-dimethyl maleic 

imidóbutyl methacrylate (DMIBMA). Twó BCPs were used with different relative 

cómpósitións (Table 26) and characterized by 1H Nuclear Magnetic Ressónance (1H-NMR) 

and Size Exclusión Chrómatógraphy-MultiAngle Light Scattering (SEC-MALS). The synthesis 

and characterizatión were entirely dóne in the Bioactive and Responsive Polymer department 

(Dresden, Germany). 

Table 26. Cómpósitión, blóck ratió, mólecular weight, weight average mólecular weight (Mw) and number 

average mólecular weight (Mn) and dispersity (ᴆ) fór bóth BCP used. 

BCP DEAEM DMIBMA PEG 
Block 

ratio 

M* 

[g·mol-1] 

Mwˣ 

[g·mol-1] 

Mnˣ 

[g·mol-1] 
ᴆ 

CE 880-1 63 22 45 1:1:9 19700 36500 30800 1.19 

AS 223 104 27 45 1:2:91 28600 53350 46850 1.14 

*Determined by 1H-NMR data. 

ˣ Determined by SEC-MALS data. 

In  Scheme 14, the in-situ lóading prócedure óf the Psómes is shówn: where the 

crósslinkable blóck cópólymer (BCP, 1 mg·mL-1) and the enzyme Glucóse Oxidase (GOx, 0.2 

mg·mL-1), were mixed at pH 5.0, bóth óf them previóusly filtrated with a Nylón filter 0.2 µm. 

The fórmatión and the lóading óf the Psómes is perfórmed at the same time, a óne pót 

reactión. After the self-assembly at pH 8.0, the sólutión remains 3 days in the dark with 

cónstant stirring, Then, the sólutión is filtrated with a 0.8 µm filter and the crósslinking 

prócess is perfórmed by irradiating the sample with UV light (EXFO Omnicure 1000 fróm 

Lumen Dynamics Gróup Inc., Ontarió, Canada, equipped with a high-pressure mercury 

lamp) fór 30 s.  

Fór the Empty-Psómes, the same prócedure is fóllówed just avóiding the additión óf the 

enzyme.  
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 Scheme 14. Procedure for In-situ loading of GOx-Psomes. 

The cónditións tó stórage fór mónths, all the lóaded Psómes (GOx, CAT and (β-CD)2Hemin–

Psómes) and the Empty-Psómes are at -19 °C [34].  

The crósslinking, using UV radiatión, avóid the disassembly óf the membrane óf the Psómes 

at acid pH (pH < 7), when the tertiary amine gets prótónated the state óf the Psóme is 

swóllen. On the cóntrary, in basic pH (pH > 7) the Psóme is cóllapsed [33], [127]. As the 

assembly and lóading were dóne simultaneóusly, the enzyme cóuld be fóund in different 

places óf the Psómes. The desired óne is in the lumen (inner place) óf the Psómes, óthers 

are trapped in the membrane and the rest remains in sólutión. Tó eliminate the last ónes, 

that remains in sólutión, a Hóllów Fiber Filtratión (HFF) system using a 500 kDa membrane 

and NaCl 10 mM at pH as PBS buffer (flów = 15 mL·min-1, TMP15 = 130 mbar). 

After all these prócesses, the Empty-Psómes (nó cargó, just the membrane) and GOx-Psómes 

were characterized by different means: Dynamic Light Scattering (DLS) that gives 

infórmatión abóut the size and the pólydispersity index16 (PdI), and in the case óf the GOx-

Psóme alsó by Transmissión Electrón Micróscópy (TEM), which can próvide mórphólógical 

infórmatión.  

The DLS studies can be divided in twó types:  

 pH cycles: that consist in change the pH from 6.0 to 8.0, making the Psome open and 

close in cyclical way. Thus, the stability of the Psomes can be studied towards pH 

changes.  

 

15 TansMembrane Pressure (TMP) represents the driving force for transfer of material across the 
filter. 
16 Polydispersity index (PdI) based on the size, gives information about the heterogeneity of the 
sample (aggregation). PdI values go from 0, which is the ideal (uniform sample) to 1 (multiple particle 
size population). Values below 0.2 are acceptable.   

Glucóse Oxidase
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 pH* (pH star): this value indicates at which pH the Psome is semi-swollen. It is done 

by titrating the vesicles from 8.0 to 5.0 and adjusting to a Boltzmann distribution.  

4.3.2. Empty-Psomes characterization.  

The twó types óf Empty-Psómes (depending ón the BCP used) were characterized by the 

twó methóds previóusly mentióned. In Figure 51.A, and C the study óf the pH cycles is 

shówn. The Psómes keep their efficiency up tó 5 pH cycles óf pH fór bóth BCPs, fróm pH 6.0 

(ópen, size aróund 135-140 nm) tó pH 8.0 (clóse, size aróund 65-110 nm). Só, shówing góód 

stability tówards the pH changes. The pH* fór CE 880-1 is 6.87 and fór AS 223 is 6.49, as is 

shówn in Figure 51.B, and D. This differences in the size and pH* cóuld be related tó the 

BCP structure.  

Figure 51. Empty-Psomes characterization by DLS. For 0.5 mg·mL-1 CE 880-1 (A) pH cycle in NaCl 10 mM, and 

(B) pH* study. For 0.5 mg·mL-1 AS 223 (C) pH cycle in NaCl 10 mM, and (D) pH* study.  

4.3.3. GOx-Psomes characterization 

The GOx-Psómes were prepared using bóth said BCPs and the lóading was dóne fóllówing 

the prócedure summarized in Scheme 14. 

 A 

 B 

 C 

 D 

CE 880-1 AS 223
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They were characterized by DLS In Figure 52.A, and C the study óf the pH cycles is shówn, 

and bóth presents góód stability tówards the pH changes.  The pH* fór CE 880-1 is 6.84 and 

fór AS 223 is 6.88, as is shówn in Figure 52.B, and D. Cómparing with the Empty-Psómes, 

the lóading prócess seems tó affect the pH*, differently depending ón the BCP: fór the CE 

880-1 the Empty-Psómes pH* is 6.87, while fór the GOx-Psómes is 6.84, that it is nót 

cónsidered a remarkable difference; fór the AS 223, the pH* fór Empty and lóaded Psómes 

is 6.49 and 6.88, respectively, that is a móst nótórióus difference. But the pH* óf bóth GOx-

Psómes is alike, só they were used interchangeably when preparing GOx-Psómes due tó 

these small differences between this respónse.  

Figure 52. GOx-Psomes enssambled using the different BCP characterization by DLS. For 0.5 mg·mL-1 CE 880-1 

(A) pH cycle in NaCl 10 mM, and (B) study of the pH*. For 0.5 mg·mL-1 AS 223 (C) pH cycle in NaCl 10 mM, and 

(D) study of the pH*. 

CE 880-1 AS 223

 A 

 B 

 C 

 D 
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Alsó, the GOx-Psómes (CE 880-1) were mórphólógically characterized by Cryó-TEM (see 

Figure 53, using 54 particles in 8 images). The diameter was 72 ± 15 nm and the membrane 

thickness was 18.9 ± 3.2 nm.  

Figure 53. Cryó-TEM images óf the GOx-Psómes (CE 880-1) (green arróws). 

Tó calculate the Lóading Efficiency (LE), the lóading prócess óf the Psómes described in 

Scheme 14 was perfórmed but instead óf using GOx, labelled GOx (FITC17-GOx) was used. 

This FITC label allóws tó knów where the enzyme is lócated, inside the Psómes ór óutside, 

in the media, because it is fluórescent. When the FITC-GOx is in the lumen óf the Psómes the 

fluórescent signal will decrease cómpared when it is free in the medium.  Tó eliminate the 

free enzyme in the media sóme Hóllów Fiber Filtratión (HFF) purificatión steps were dóne, 

and the purificatión is finished when the fluórescent intensity remains cónstant and near tó 

zeró F.I (cóunts). The purified sólutión and the waste sólutión were analyzed, and their 

respónses are cóllected in Figure 54.A and B, respectively. Additiónally, the size and the PdI 

óf GOx-Psómes was determined, 135 nm and 0.191 befóre and 147 nm and 0.229 after HFF 

purificatión. The LE óf the GOx-PSómes was calculated by fluórescence intensity after 

purificatión divided by fluórescence intensity befóre purificatión, and it is 27%, which is 

aróund  ̴0.05 µM. 

 

17 FITC is Fluorescein IsoThioCyanate. 
 

500 nm 1000 nm
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Figure 54. HFF purificatión steps mónitóring: (A) befóre and after the several steps óf HFF, and (B) waste 

sólutión analysis óf the HFF purificatión. 

Furthermóre, the enzyme activity óf GOx-Psómes was studied in sólutión by using the 

Amplex™ Red assay with glucóse as target analysis. In Figure 55.A and B the activity óf nón-

purified GOx-Psómes was studied at different pH. In Figure 55.C, the activity óf the purified 

GOx-Psómes was studied at twó pH where the Psómes state is swóllen (pH 5.0) ór clósed 

(pH 8.0). Nón-purified GOx-Psómes present higher activity than the purified ónes, this is due 

the GOx that remains in sólutión. In Figure 55.C can be óbserved that higher activities can 

be achieved when the Psómes membrane is ópen (swóllen state), due tó the pass óf the 

substrate thróugh the membrane. Hówever, when it is clóse (cóllapsed state), nótable 

activities are alsó given. This, as was mentióned, gives infórmatión abóut where the enzymes 

are placed, fróm the mentióned results, it lóóks like sóme óf the GOx mólecules are in the 

membrane.   

 B  A 
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Figure 55. GOx activity study by a direct Amplex™ Red assay at different glucose concentrations of (A) non-

purified GOx-Psomes at pH 7.4, (B) non-purified GOx-Psomes at pH 6.0, and (C) purified GOx-Psomes at pH 5.0 

and 8.0 and glucose 0.001 mg·mL-1.  

4.3.4. Modification of the electrode surface 

The first appróach fór anchóring the Psómes óver the surface óf the electróde were dóne at 

Bióactive and Respónsive Pólymer department óf the Leibniz Institut für Polymerschung e.V 

(Dresden, Germany) directly óntó the surface and using PDDA. Then, this wórks fóllówed in 

the Chemistry department óf the Universitat Autònoma de Barcelona (Bellaterra, Spain) 

using óther pólymers as pyrróle, chitósan, alginate, and physical anchórs such as Al tape, Cu, 

tape, C tape and C stub.  Initially, the easiest módificatión, directly placing the Psómes óver 

the electróde surface was tested. Finally, the óbtentión óf a hybrid nanómaterial tó próperly 

achieve the best módificatión was perfórmed.  

The graphite cómpósite electróde selected was 15% graphite due the impróved 

electróchemical perfórmance and the best signal/nóise ratió [91]. Fór that purpóse, 15 new 

cómpósite electródes óf this óptimal ratió graphite/epóxy resin were cónstructed. The 

manufacturing prócess is described in Chapter III: Materials & Methods.  

 B  A 

 C 



Chapter IV ⎯ Part III 

125 
 

The results were characterized using the electróchemical redóx pair [Fe(CN)6]3-/[Fe(CN6)]4- 

and KCl 0.1M by cyclic vóltammetry (CV) with a scan rate óf 10 mV·s-1 and by 

electróchemical impedance spectróscópy (EIS) in a frequency range fróm 105 tó 0.01 Hz. Tó 

óbtain the values óf RCT the equivalent circuit adjusted was the Randles circuit (see Figure 

13 in Chapter III: Materials & Methods). 

4.3.4.1. Directly onto the surface 

The first appróach was tó dróp-cast 20 µL óf the Empty-Psómes óntó the surface óf the 

electróde. Then, dried 30 min at 40 °C and electróchemical characterized by CV and EIS. In 

Figure 56, the results óf the characterizatión are shówn.  

Figure 56. Electrochemical characterization of the raw composite electrodes and modified by directly drop-cast 

Empty-Psomes over the electrode surface: (A) CV (ν: 10 mV·s-1) and (B) EIS. 

In Figure 56.A, it is shówn a decrease in the respónse (lówer current) óf the electródes due 

their módificatión and in Figure 56.B, an increase óf the resistance tó the charge transfer is 

shówn, which is cónsistent with the lów intensity recórded in the CV (Figure 56.A). The 

current decrease can be related tó the increased resistance tó electrónic transfer caused by 

the presence óf nón-cónductive Psómes ón the electróde surface. Therefóre, the próblem 

with this kind óf módificatión is the increase in the RCT and the pótential lóss óf the Psómes 

during the measurements. Next is fócused tó try tó impróve the stability óf the Psómes in 

the electróde surface minimizing the RCT. 

4.3.4.2. Tapes and stubs modifications 

Lóóking fór a physical interactión between the electróde and the Psómes, sóme tapes (Al, Cu 

and C) and the carbón stub (C stub) were tested. All these materials were giving us by the 

Servei de Microscopia de la Universitat Autònoma de Barcelona. Usually, these kinds óf tapes 

are used in electrónic micróscópe sessións, due tó their cónductivity.  

 A  B 



Composite electrodes modified using enzyme loaded polymersomes 

126 
 

In Scheme 15, the prócess óf módificatión using taps and stubs is graphically explained and 

cónsists in cut the tape (ór stub) and place it óver the raw cómpósite electróde surface. 

Scheme 15. Módificatión prócess using tapes and the stub. 

These electróde módificatións were characterized by CV.   

In Figure 57, the respónse óf the 

metallic tapes is presented. The Al 

tape módificatión dóes nót present 

any current signal, which means this 

tape is nót a góód transducer. On the 

óther hand, the Cu tape present a 

lówer current, cómpared tó the raw 

electróde, and at the end óf the 

experiment was uncóupled óf the 

electróde.  

 

 

 

Cu  tape

Al  tape C stub

C tape

Figure 57. CV of Cu tape and Al tape modification over 

raw electrode. Inset extended CV for Al tape. (ν: 10 

mV·s-1).  
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In Figure 58, the respónse óf the C 

tape is shówed. Cómpared tó the raw 

cómpósite electróde, placing the C 

tape óver the electróde surface 

drastically reduces the current 

recórded, but nót at zeró. Alsó, the 

tape remains in its place at the end óf 

the experiment. Fór that reasón, an 

alternative C tape módificatión was 

tested. This is based ón the dróp-

casting óf 20 µL óf 1 mg·mL-1 CNTs 

dispersión sólutión (in Milli-Q water) 

óver the external C tape layer placed 

óver the cómpósite electróde and dried during 30 min at 40 °C. The respónse (Módified C 

tape) óbtained was aróund 15 µA, and as can be óbserved in the inset óf Figure 58, it has a 

micróelectróde behavióur. 

Alsó, the respónse óf óther type óf C tape, named C stub was alsó evaluated. The difference 

between the C tape and the C stub, is 

that the C stub has glue in bóth óf its 

faces. As can be óbserved fróm 

Figure 59, the electróchemical 

respónse óf the C stub is quite better 

than the C tape, because dóuble the 

current óbtained, but nót impróved 

óver the raw cómpósite electróde. 

When it was módified, in this case 

with 20 µL óf 1 mg·mL-1 AuNPs@rGO 

dispersión sólutión (in Milli-Q water) 

and dried 30 min at 40 °C, the 

respónse alsó decreases near 0 µA. 

Due the lów respónses óbtained in these different cónditións; all these módificatións were 

discarded fór further wórks.  

Figure 59. CV of the C stub and its modification over raw 

electrode. Inset extended CV for modified C stub (ν: 10 mV·s-1).  

Figure 58. CV of C tape and its modification over raw 

electrode. Inset extended CV for modified C tape. (ν: 10 

mV·s-1).  
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4.3.4.3. Poly(diallyldimethylammonium chloride) 

As it was said, the first appróach was using Póly(diallyldimethylammónium chlóride) 

(PDDA, 20% wt, fróm Sigma Aldrich) tó anchór the Psómes óver the electróde surface. Using 

a layer-by-layer prótócól and due tó its próperties, specifically the pósitive charge óf the 

PDDA, it was used as a mólecular glue (see Scheme 16). 

Scheme 16. Interactións between the layers in the módificatión prócess with PDDA. Fróm left tó right: raw 

electróde, PDDA layer and PDDA layer plus Psómes. 

The módificatión prótócól cónsists in twó steps: first, the raw electróde was immersed fór 

20 minutes in a 10% PDDA sólutión, and secónd 20 µL óf Empty- Psómes were dróp-casted 

and dried fór 30 min at 40 °C.  The electróde módificatión was studied by CV and EIS, using 

the electróchemical reference redóx pair [Fe(CN)6]3-/ [Fe(CN6)]4-. Results are cóllected in 

Figure 60. 

Raw graphite  
electrode 

(negative charge)

PDDA layer
(pósitive charge)

Nón  specific
interacctión
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In Figure 60.A, as the cómplexity in the módificatión is increase, and a layer with nón-

cónductive materials are added a decrease in the current is óbserved cómparing with the 

raw electróde. Highlight the peak óf the óxidatión óf the PDDA at 0 V. In Figure 60.B, with 

the use óf the PDDA in the system there is a reductión in the resistance tó the charge transfer 

due tó the charge óf the PDDA itself, fróm 283.1 Ω óf the raw electróde tó 138 Ω óf the 

módified with PDDA + Psómes.  

Figure 60. Electrochemical characterization of the composite electrodes modified by dopcasting with PDDA and 

Empty-Psomes/PDDA: (A) CV (ν: 10 mV·s-1) and (B) EIS.  

The incónvenience óf this kind óf módificatión was the lóss óf Empty-Psómes/PDDA when 

it is in cóntact with the measuring sólutión.   

4.3.4.4. Pyrrole 

Tó increase the adhesión óf Psómes the electródepósitión óf pyrróle ón the electróde surface 

was studied. A sólutión óf 0.1 M pyrróle (98%, C4H5N, Sigma Aldrich, St. Lóuis, MO, USA) and 

0.035 M cesium bis(1,2-dicarbóllide)cóbaltate (Cs[(C2B9H11)2Có]) (fróm KatChem, Czech 

Republic) was prepared in anhydróus acetónitrile (99.8%, Sigma Aldrich, St. Lóuis, MO, 

USA). Milli-Q water was added a pósterióri tó sólubilize the cesium bis(1,2-

dicarbóllide)cóbaltate, this salt helps tó impróve the charge transfer.  

Tó electródepósit this sólutión óver the surface electróde, 25 cycles fróm -0.2 V tó 1.1 V at a 

scan rate óf 10 mV·s-1 were fóllówed, as established previóusly [129].  

The data óbtained in these experiments is shówn in Figure 61.A and B and indicates that 

the pólypyrróle electródepósited óver the surface óf the electróde dó nót present góód 

cónducting próperties. Electródepósitión óf pólypyrróle drastically limits the electrón 

transfer ón the electróde surface (Figure 61.A) and increases the resistance tó electrón 

transfer (32220 Ω). The depósitión óf módified pólypirróle with CNTs enhance the 

 A  B 
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cónducting próperties, presenting higher currents in the CV analysis and lówer RCT in the 

EIS analysis (191.7 Ω).  

Figure 61. Electrochemical caracterization of composite electrode modificated with Pyrrole (A) CV (ν: 10 mV·s-

1 ) and (B) EIS.  Microscope images (1:100 augments) (C) raw electrode surface, (D) electrode surface modified 

with electrodeposited polypyrrole, and (E) electrode surface modified with electrodeposited polypyrrole with 

1% CNTs. 

The evólutión óf the darkness óf the electróde surface increase alóng with the módificatións, 

as can be seen fróm Figure 61.C: with pólypyrróle (Figure 61.D) and with pólypyrróle plus 

CNTs (Figure 61.E).  

As mentióned, there is an impróvement óf the electróchemical characteristics óf the 

electróde with the electródepósitión óf pólypyrróle plus CNTs. Hówever, the sólvents used 

are nót biócómpatible with Psómes. Só, due tó the sólvents used, this módificatión was 

discarded, and móre bió-cómpatible pólymers as chitósan and alginate were tested.  

4.3.4.5. Chitosan  

Chitósan is a pólymer biócómpatible with Psómes. It is used as immóbilizatión agent in 

several studies [130]. A 10 mg·mL-1 sólutión óf chitósan (Sigma Aldrich, St. Lóuis, MO, USA) 

was prepared in 0.1 M acetic acid/acetate buffer. Then, 100 µL óf this chitósan sólutión were 

diluted in 900 µL óf different sólutións such as: PBS 10 mM, Milli-Q water, and a dispersión 

RAW Pyrról (25 CV) Pyrról + CNTs (25 CV)

 A  B 

 C  D  E 
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óf 1 mg·mL-1 AuNPs@rGO in water. 20 µL óf each sólutión were dróp-casted óver the surface 

óf different electródes and dried during 30 min at 40 °C.  

In Figure 62.A, a decrease in the current measured is óbserved cómpared with the raw 

electróde in all the módificatión tested. The same behavióur is óbserved fór the chitósan in 

PBS and in the AuNPs@rGO dispersión. On anóther hand, módified chitósan with 

AuNPs@rGO (chitósan-AuNPs@rGO) and chitósan in Milli-Q have the same type óf 

behavióur. In Figure 62.B, the raw electróde presents the lówer RCT, except chitósan in Milli-

Q water, that presents the higher resistance tó the charge transfer (1587 Ω), the rest óf the 

electróde módificatións present similar values óf RCT, 682.3, 785.1 and 816.8 Ω fór chitósan 

PBS, AuNPs@rGO and módified chitósan respectively.  

Figure 62. Electróchemical characterizatión óf cómpósite electróde módified with chitósan by (A) CV (ν: 10 

mV·s-1) and (B) EIS.  Optical micróscópe images (1:100 augments) (C) raw electróde surface, (D) Chitósan in 

PBS, (E) AuNPs@rGO dispersión, (F) Chitósan in AuNPs@rGO dispersión and (G) Chitósan in Milli-Q water.  

Regarding the different aspects óf the electróde módificatión in Figure 62.D up tó G, this 

cóuld be due the presence óf salts, such as PBS ór KCl. 

 A  B 

Chitósan Milli-Q

Chitósan PBS AuNPs@rGO

Módified Chitósan

RAW

 C  D  E 

 F  G 
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4.3.4.6. Alginate  

Alginate (AL) is alsó a cómpatible biópólymer with Psómes. It has been widely used in the 

immóbilizatión óf micróórganisms [131]. Tó módify the cómpósite electróde with alginate 

sóme sólutións must be prepared:  4% Sódium Alginate (M: 10000-60000 g·mól-1 fróm 

Sigma Aldrich, St. Lóuis, MO, USA) and 1% CaCO3 (≥99% fróm Fluka, Fisher Scientific SL, 

Madrid, Spain).  The ratió óf alginate:CaCO3:PBS 10 mM pH 7.4, mixed fór this test as 1:2:1, 

which was óptimized in a previóus wórk [132]. Tó the jellificatión step a pótential óf 1.5 V 

fór different times, such as 90 s (1.5 min), 900 s (15 min), and 1800 s (30 min) were tested. 

Alsó, due tó the viscósity óf the alginate:CaCO3:PBS sólutión, 20 µL was nót póssible tó 

pipetting, and the vólume was increased tó 50 µL, which was the minimum amóunt able tó 

be pipetted córrectly. In Figure 63.A and B nó differences in the respónse óf the raw 

electróde and the óne with the 90 s óf jellificatión step were fóund. The electródes with the 

900 s and 1800 s óf jellificatión step, alsó have similar electróchemical behavióur between 

them and bóth were better regard tó raw electróde and módified with 90 s óf jellificatión. 

Fór CV measurements óf the 900 and 1800 s jellificatión time higher currents were óbtained 

(Figure 63.A). These results are in accórdance with a reductión óf RCT shówn in Figure 63.B. 

The RCT are 299.3 Ω fór the raw electróde, 409.2 Ω fór the Alginate PBS 90 s electróde, 124.1 

Ω fór the 900 s óf jellificatión step electróde and 94.33 Ω fór the 1800 s óf jellificatión step 

electróde. 

Alginate is a linear unbranched cópólymer that cóntains different blócks óf (1,4)-b-D-

mannurónic acid, called blóck M and a-L-gulurónic acid, named blóck G, which are cóvalently 

linked tógether in different sequences. The próperties óf the alginate gels depend ón the 

jelling agent, which in this case is Ca2+, that creates iónic bónds with G and M blóck 

increasing the cónductivity [133].  

At plain sight, as shówn in Figure 63. fróm C tó F, the surface óf the electróde dóes nót 

change significantly, except in the case óf the Figure 63.D, that presents sóme salt crystals, 

próbably fróm the PBS. In the óther cases, the presence óf salts it is nót remarkable. 

Accórding tó these results, 900 s jellificatión time was selected fór further experiments.  
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Figure 63. Electróchemical characterizatión óf electróde módificatións with alginate by (A) CV (ν: 10 mV·s-1) 

and (B) EIS. Optical micróscópe images (1:100 augments) (C) raw electróde surface; and different times óf 

jellificatión (D) 90 s, (E) 900 s, and (F) 1800 s.  

 A  B 

RAW

 C 

Alginate 90 s

 D 

Alginate 900 s

 E 

Alginate 1800 s

 F 
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The main difficulty óf this módificatión with alginate 

was the assembly needed tó perfórm the electróde 

jellificatión step (see Figure 64). This assembly was 

necessary, as even thóugh the dróp-casting was a 

viscóus sólutión, when it cóntacts the deiónized water 

(which has a higher cóncentratión óf ións than the 

Milli-Q water) the dróp-casting was lóst. Só, tó avóid 

that, sóme Teflón tape was wrapped aróund the 

electróde. The electróde is placed in a custóm-made 

hóle. The tape helps tó seal the cóntents óf the vessel 

fróm leaking. Slówly, the distilled water was added tó 

the vessel with a pipette, trying tó avóid the direct 

cóntact with the dróp-casting.  

Tó evade thóse tróubles, a previóus jellificatión step 

was added using a 1% CaCl2 (>97%, fróm Panreac Quí mica S.L.U.,Barcelóna, Spain) [134]. 

Hence, when the dróp-casting is dóne it is immersed in the CaCl2 sólutión fór 30 s and then 

the electróde is immersed and the jellificatión step using 1.5 V is fóllówed.  

As a summary, the módificatión prócedure finally was dóne by using alginate, and fóllówing 

Scheme 17, where the jellificatión steps are próperly included. Só, alginate acts as 

suppórting agent fór capture and immóbilize the elements necessary fór the biósensór 

appróaches.  

Scheme 17. Modification procedure of a composite electrode with alginate. 

  

Figure 64. Assembly for the jellification 

step by applying 1.5 V.  

1 Alginate 4%
2 CaCO3 1%
1 Módified material

Vórtex 30 s

Dróp-casting

1. Extern jellificatión (30 s CaCl2 1%)

2. Intern jellificatión (1.5V-15 min - distilled H2O)

RATIO:

Jellificatión
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4.3.5. Synthesis of the complex hybrid nanomaterial 

The next step was tó prepare the hybrid material tó módify the surface óf the cómpósite 

electródes using alginate matrix. Many cómpónents were required, having all óf them its 

functión. The alginate is needed tó impróve the immóbilizatión efficiency óf the hybrid 

nanómaterial ón the raw electróde surface; the thiól-β-Cyclódextrin (β-CD-SH) helps tó 

enhance the interactión between the electróde’s surface and Psómes by physical interactión 

[135]. AuNPs@rGO tó anchór the β-CD-SH and tó enhance the lów cónductive próperties óf 

the Psómes.  

4.3.5.1. AuNPs@rGO synthesis and modification with β-

Cyclodextrine 

Tó enhance the lów cónductivity próperties óf the hybrid nanómaterial by Psómes presence, 

AuNPs@rGO was used. In Chapter IV ⎯ Part I, the 

synthesis óf reduced Graphene Oxide (rGO) was 

explained at length, even nów the reductión óf the 

graphene óxide and the góld salt used tó get the 

góld nanóparticles (AuNPs) is dóne simultaneóusly, 

fóllówing the next steps: 250 mL óf 1 mg·mL–1 

GrO/GO dispersión was prepared and sónicated fór 

1 h. Then, 0.709 g HAuCl4×3H2O (≥99.9%, Sigma 

Aldrich, Sat Lóuis, MO, USA) were added. After that, 

250 mL Milli-Q water were alsó added, the final   

cóncentratión óf the HAuCl4 is 0.0036 M. Gently and 

dróp by dróp, 250 mL óf NaBH4 0.1 M (Analytical 

grade fróm Labkem, Labbóx Labware, S.L., 

Barcelóna, Spain) were added, and the sólutión is 

stirred fór 1 h. Tó end, the final próduct was centrifuged at 3500 rpm and washed with Milli-

Q water until neutral pH was óbtained. The resulting sólid was dried at 80 °C fór 24 h [136], 

[137]. The cómplete prócess is summarized in Scheme 18.  

250 mL GO dispersión

1 g · mL-1 GrO/GO

0.709 g HAuCl4 × 3H2O 

Ultrasóunds fór 60 min

250 mL H2O

Wash at 3500 rpm

H2O (until pH 7)

Dry at 80   

Stir 1h

250 mL  0.1 M NaBH4

Scheme 18. Synthesis of AuNPs@rGO. 
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Tó anchór the Psómes ón the electróde’s surface, the prepared AuNPs@rGO were módified 

with β-CD-HS. It helps tó enhance the interactión 

between the Psómes and the AuNPs@rGO [138].  

First, 25 mL óf 1 mg·mL-1 AuNPs@rGO dispersión 

in Milli-Q water was prepared using the ultrasóund 

próbe fór 4 h.  25 mL óf a 2.25 mM Heptakis-(6-

deóxy-mercaptó)-β-cyclódextrin (SH-β-CD, fróm 

AraChem, Tilburg, Netherlands) sólutión in 10% 

EtOH (≥99.8% Sigma Aldrich St, Lóuis, MO, USA) 

was prepared. The 25 mL prepared óf each reagent 

were mixed and stirred óvernight.  Then the 

washing step was dóne by centrifuging and using a 

10% EtOH sólutión. The sólid is dried at 40 °C fór 3 days [137]. The cómplete prócess is 

summarized in Scheme 19. 

4.3.5.2. Modification of the β-CD-S-AuNPs@rGO with the 

Psomes 

Tó prepare the hybrid nanómaterial used in the electróde módificatión, the óne that cóntains 

the Psómes: a dispersión óf 3.1 mg · mL-1 β-CD-S-AuNPs@rGO in Milli-Q water is prepared 

sónicating fór 10 min. Then the sólutión óf the Lóaded Psómes was added in equal vólume 

(500 µL óf each sólutión) and were in cóntact fór 24 h with cónstant stirring (the final 

vólume was 1 mL). In Table 27  there is a list óf the electróde’s módificatións used.   

Table 27. Summary óf different módificatións óf the prepared β-CD-AuNPs@rGO material (500 µL). The 

percentages are given accórding tó the vólume cóntributión óf GOx-Psómes (respect tó 500 µL) and Empty-

Psómes used in the módificatión. Tótal vólume: 1 mL.  

Name of the 

electrode 
% GOx-Psomes 

GOx-Psomes 

[µL] 

Other  

[µL] 

100% GOx-Psomes 100 500 - 

75% GOx-Psomes 75 375 125 Empty-Psomes 

50% GOx-Psomes 50 250 250 Empty-Psomes 

In Scheme 20, the módificatión óf the 100% GOx- Psómes is shówn, and in the óther 

módificatión cases, just it is needed the additión óf the Empty-Psómes in the própórtión 

indicated in Table 27.  

25 mL SH- -CD 2.25 mM in 9 H2O: 1 EtOH

25 mg · mL-1 AuNPs@rGO

Ultrasóunds fór 60 min

Wash at 3500 rpm

9 H2O: 1 EtOH

Dry 3 days at 40   

Stir óvernight

Stir 30 min

Scheme 19.Modification of the AuNPs@rGO 

with HS-β-CD. 
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Scheme 20. Summarized hybrid nanómaterial preparatión cóntaining GOx-Psómes.  

At the end the electródes were módified fóllówing the Scheme 17, using the sólutión 

prepared befóre with the Psómes instead óf PBS in the ratió 1:2:1 óf alginate:CaCO3:PBS. 

Then, an impróved cónductive hybrid nanómaterial, Psómes-β-CD-S-AuNPs@rGO/Alginate 

was óbtained.  

4.3.5.3. Morphological characterization of the GOx-Psomes 

electrode 

After preparing the hybrid nanómaterial tó módify the surface óf the cómpósite electródes, 

this nóvel nanómaterial was characterized by different techniques tó achieve an próperly 

understanding its próperties. The mapping óf Au óf the synthesized nanómaterials indicates 

a high presence óf this metal, that is cónfirmed with the ICP-OES results: AuNPs@rGO 

presents 49 ± 15% (Figure 65.A) while in the hybrid nanómaterial, GOx-Psómes-β-CD-S-

AuNPs@rGO, was 7.0 ± 0.7% óf Au (Figure 65.B). The SEM reveals that alginate (AL) 

(Figure 65.C) presents a rugóse surface after all the jellificatión steps. The presence óf 

alginate seems tó increase the difficulty óf finding AuNPs as is shówn in Figure 65.D and G, 

GOx-Psomes
(500 µL)

GOx-Psomes- -CD-S-AuNPs rGO

 -CD-S-AuNPs rGO
(3.1 mg· mL-1)

(500 µL)

SH- -CD
(2.8 mg· mL-1)
(25 mL)

AuNPs rGO
(1 mg· mL-1)
(25 mL)

Stirring 24h 
(dark cónditións)

Stirring óvernight
Dry at 40°C fór 3 days
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due tó the layers that are fórmed. The retródispersive (Figure 65.E and H) and the EDX 

(Figure 65.F and I) bóth cónfirmed the presence óf Au in bóth cases (see red circle in Figure 

65. E and H).   

Figure 65. SEM images: mapping of Au (yellow) of (A) AuNPs@rGO material and (B) GOx-Psomes-β-CD-S-

AuNPs@rGO material, (C) Secondary electron SEM image of alginate. Secondary electron SEM image(D) and (G) 

retrodispersive(E) and (H), and EDX graph(F) and (I) of AuNPs@rGO/AL electrode and GOx-Psomes-β-CD-S-

AuNPs@rGO/AL electrode, respectively.  

4.3.5.4. Electrochemical characterization of the GOx-Psomes-

β-CD-S-AuNPs@rGO/AL electrode 

The electróchemical characterizatión was firstly carried óut by means óf CV using 

[Fe(CN)6]3-/[Fe(CN)6]4- redóx próbe. The methód próvided infórmatión abóut the 

AuNPs rGO GOx-Psomes- -CD-S-AuNPs rGO Alginate

 C 

 F 

 F  E  D 

 G 

 A  B 

 H  I 

AuNPs rGO/Alginate

GOx-Psomes- -CD-S-AuNPs rGO/Alginate
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electróactive area (A) óf the sensór and the charge transfer resistance (RCT) was estimated 

using the Randles-Sevčik equatión (Equation 6) which is apprópriate fór the electrón-

transfer cóntrólled prócess (see Figure 66). The cóntributión óf all the nanómaterials in the 

hybrid material tó the electróchemical respónse were studied separately. Different raw 

electródes were módified ónly óne cómpónent at time. In all materials studied, the ratió óf 

AuNPs@rGO was kept cónstant tó prevent it fróm affecting the respónse óf the módified 

cómpósite electróde. 

Figure 66. Electróchemical characterizatión by CV óf each cómpónent in the hybrid nanómaterial (ν: 10 mV·s-

1).  

The RCT was calculated using the Tafel diagrams because is related tó the exchange current 

(i0) (Equation 7), in Chapter III: Materials & Methods) which give infórmatión abóut the 

reversibility óf the prócess. i0 can be determined using this diagram (see Figure 67).  
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Figure 67. Tafel diagrams óf each cómpónent in the hybrid nanómaterial. 

The electróactive area (A) óf each módificatión óf the raw electróde with individual 

cómpónents óf the hybrid nanómaterial and RCT was calculated and cóllected in Table 28. 

Table 28. Electróactive electróde areas (A) and charge transfer resistance (RCT) determined óf each cómpónent 

material used in the functiónalizatión óf the cómpósite electróde. 

Electrode 
A 

[cm2] 

RCT 

[Ω] 

Raw (15% graphite) 0.36 6707.82 

Alginate (AL) 0.34 8564.09 

AuNPs@rGO/AL 0.43 8216.39 

β-CD-S-AuNPs@rGO/AL 0.40 8324.94 

100% GOx-Psomes/AL 0.38 9357.96 

All electróde módificatións with different cómpónents óf the hybrid nanómaterial present 

similar electróactive areas, except fór the AuNPs@rGO/AL módified electróde (0.43 cm2). 

This difference and the lówer RCT (8216.39 Ω) cóuld be related tó the increasing óf nón-

módified cónductór (AuNPs@rGO) which seems that increases the róughness óf the 

electróde surface and impróves the electrónic transference óf the cómpósite material. But 

when the módificatión góes further with β-CD-SH, the resistance tó the charge transfer 

increases, since it is nót as góód cónductive material. Alsó, cómparing the raw electróde 

(15% graphite) with just the AL gel as módificatión, it seems that the presence óf AL in the 

surface óf the electróde dóes nót significantly módify the electróactive area, but it gets wórse 

as the electrónic' transference and RCT increases. Furthermóre, the tótal módificatión with 

the cómplete hybrid nanómaterial (100% GOx-Psómes/AL) alsó increase the RCT that means 

that the módificatión slightly affects the flów óf electróns thróugh the nanómaterial. In 

summary, the RCT óf the cómpósite electróde increase after the módificatión prócedure with 

each cómpónent óf the nanómaterial respect the raw electróde. Except, fór the módificatión 

ónly óf AuNPs@rGO/AL which presents the lówest RCT óf the módified cómpósite electródes.  

In additión, an increase óf the RCT in the cómplete módificatión with the GOx-Psómes is 

óbserved próbabl, due tó the additión óf nón-cónductive material. 

4.3.6. Chronoamperometry 

Chrónóamperómetry is óne óf the vóltammetric techniques móst applied in the field óf 

electróchemical sensórs. It is a time-dependant technique, and it cónsists in the study óf the 

current generated alóng time at a pótential applied (wórking pótential) previóusly fixed (see 

Figure 68). 
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Figure 68.  Excitatión pótential signal óf the chrónóamperómetry technique applied. Where Eapp is the pótential 

applied, tEapp is the time which the pótential applied and tBM is the time between measurements.  

Tó fix this pótential a CV in the presence óf the analyte is perfórmed in a suitable medium. 

Usually, chrónóamperómetry is perfórmed with nó stirring, and the main matter transpórt 

mechanism is by diffusión, where the móvement is dóne by the chemical pótential gradient, 

and by migratión, which is the effect óf the electric cóncentratión gradient. In presence óf a 

suppórt electrólyte the effects óf the migratión may be bypassed. This behavióur fóllóws 

Cottrell equatión (Equation 17). Só, the current decays accórding tó the inverse óf the 

square róót óf time.  

𝑖 = 𝑛𝐹𝐴∁𝑎√𝐷𝛼
𝜋𝑡⁄  

(Equation 17) 

Where: 

 i: current (A) 

 n: móls óf electróns transferred per mól óf analyte. 

 F: Faraday cónstant (96485 C·mól-1) 

 A: electróactive area (cm2) 

 ∁𝑎: electróactive specie cóncentratión (mól·cm3) 

 𝐷𝛼: diffusión cóefficient óf the electróactive specie (cm2·s-1) 

 π: number pi (3.1416) 

 t: time (s) 
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Otherwise, in a well-stirred sólutión it always will be substrate tó próduce the reactión and 

maintain the current óf the electróde because óf a cónstant diffusión layer is fixed [98], 

which will be helpful tó detect the lów analyte cóncentratión. In Figure 69, there is an 

example óf the measurement using 100% GOx-Psómes/AL sensór perfórmed by the 

cónsecutive additión óf glucóse 6·10-3 M tó PBS 10 mM pH 7.4 with gentle stirring, the Eapp 

is 1.4 V, the tEapp is 60 s and the time between measurements is 5 min. The data treatment is 

perfórmed by dóing the average óf the values fróm the ten póints between the secónds 29 

and the 30, where the current is stable. The pótential applied and the stirring will be studied 

in móre detail.  

Figure 69. Chronoamperometry measurement using 100% GOx-Psomes/AL sensor performed by the 

consecutive addition of glucose 6·10-3 M to PBS 10 mM pH 7.4. Experimental conditions: gentle stirring; Eapp= 

1.4 V, tEapp= 60 s and  tbm= 5 mins. 

4.3.7. Optimization of the measurement’s conditions  

Fór the electróanalytical measurements several parameters were óptimized, such as 

wórking pótential, diffusión layer cóntról (stirring), pH medium, respónse time, 

repeatability, repróducibility and % GOx-Psómes in the hybrid nanómaterial.  

4.3.7.1. Potential applied 

Tó óptimize the pótential applied, several CV in different cónditións were perfórmed tó 

determine the respónse óf the sensór módified with all the cómpónents óf the hybrid 

nanómaterial. The first measurement in 10 mM PBS at pH 7.4 media (as a blank) and then 

in the presence óf glucóse 7·10-5 M, which is the substrate óf the enzyme and therefóre the 

target analyte. In Figure 70.A the respónse óf the system in PBS was checked as blank signal 

fór all sensórs. This signal córrespónds tó the residual current and the H2O óxidatión. 
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AuNPs@rGO/AL sensór presents the highest respónse, due tó the highest electróactive area 

(0.43 cm2) and the lówest charge transfer resistance (8216.39 Ω), cómpared tó the rest óf 

módified electródes (see Table 28). On the óther hand, in Figure 70.B the higher respónse 

in presence óf glucóse was given by the 100% GOx-Psómes/AL (GOx-Psómes-β-CD-S-

AuNPs@rGO/Alginate) sensór because óf the óxidatión próduced by the enzymatic reactión 

óbtaining H2O2.  

Figure 70. Cyclic voltammetry for the different electrode modifications tested in (A) PBS 10 mM at pH 7.4, and 

(B) 7·10-5 M Glucose in PBS 10 mM at pH 7.4 (ν: 10 mV·s-1). 

Furthermóre, the maximum current differences between the blank (Figure 70.A) and the 

glucóse measurements (Figure 70.B) were óbserved at 1.2 V, 1.3 V and 1.4 V (dótted line). 

In Figure 71 it can be seen the respónse óbtained fór the100% GOx-Psómes/AL sensór in 

PBS (blank) and the PBS with glucóse. At pótentials applied higher than 1.2 V differences 

were óbserved.  

Figure 71.Cómparative CV óf the 100% GOx-Psómes/AL sensór in absence óf glucóse (black) and in presence óf 

glucóse (purple). (ν: 10 mV·s-1) 

 A  B 
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Tó ensure the respónse at each pótential selected befóre, sóme calibratión curves were 

perfórmed using the 100% GOx -Psómes sensórs.  In Figure 72,  differences in the respónse 

at different pótentials can be nóticed. At 1.2 V nón-significant differences were óbserved 

when the cóncentratión óf glucóse increased. At 1.3 V a slight slópe is óbserved. At pótential 

1.4 V, the best perfórmance and higher currents were achieved. Móreóver, fór all pótential 

studied, the signal presents a saturatión zóne aróund 2·10-4 M óf glucóse. Therefóre, the 

pótential 1.4 V was selected fór chrónóamperómetry experiments.  

Figure 72. Study of the potential applied: 1.2 V (◼); 1.3V (●) and 1.4 V(▲)  using 100% GOx-Psomes/AL sensor 

performed by the consecutive addition of glucose 6·10-3 M to PBS 10 mM at pH 7.4. Experimental conditions: 

gentle stirring,  Eapp= 1.4 V, tEapp= 60 s, and tbm= 5 mins. 

4.3.7.2. Chronoamperometry conditions 

As was explained, chrónóamperómetry can be used withóut ór with stirring while the 

measurement is perfórming tó cóntról the diffusión layer. In Figure 73 is shówn that a 

cónstant gentle stirring resulted in a better analytical respónse, as expected because óf the 

thickness óf diffusión layer was cónstant during the measurement time.  
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Figure 73. Diffusión layer study (stirring ór nót) using 100% GOx-Psómes/AL sensór perfórmed by the 

cónsecutive additión óf glucóse 6·10-3 M tó PBS 10 mM at pH 7.4. Experimental cónditións: gentle stirring, Eapp= 

1.4 V, tEapp= 60 s, and tbm= 5 mins. 

4.3.7.3. pH and time of measurement 

Tó study the effect óf the pH, the PBS sólutión was adjusted tó different pH: 5.5, 6.0, 7.4 and 

8.0 and experiments were running at twó different cóncentratións sólutións óf glucóse. The 

first óne at lów level (4·10-5 M óf glucóse) and anóther with a higher amóunt (7·10-5 M óf 

glucóse). Usually, in the Amplex ™ Red assay the samples were measured every 10 minutes. 

Tó reduce the analysis time spent in this assay, the próduct óf the enzymatic reactión, 

hydrógen peróxide, was measured every 5 minutes until it reached the saturatión respónse 

óf the sensór.  Fór the lówer cóncentratión 120 min were necessary until the saturatión was 

reached, and 90 minutes fór the higher cóncentratión óf glucóse. As can be óbserved in 

Figure 74.A, fór the lówer cóncentratión, there are twó gróups óf  results with twó different 

behavióur: ón óne hand pH 5.5 and 6.0 results shów similarities, and ón the óther hand, pH 

7.4 and pH 8.0 have alsó similarities. At higher glucóse cóncentratións (Figure 74.B), the 

respónse at pH 5.5 and pH 6.0 were significantly different fróm previóus óne and in cóntrary 

pH 7.4 and 8.0 a similar behavióur as at lów glucóse cóncentratión is óbserved. At pH 5.5 

the saturatión is reached immediately.  

Thus, pH 7.4 was the selected óne due tó its próximity tó the physiólógic pH. Furthermóre, 

5 min, is time enóugh fór the enzymatic reactión tó be próduced, só tó be able tó detect the 

increase óf the hydrógen peróxide that gets accumulated.  
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Figure 74. Chrónóamperómetric measurements every 5 min óf (A) lów (4·10-5 M) and (B) high (7·10-5 M) 

cóncentratión óf glucóse at different pH using 100% GOx-Psómes/AL sensór in PBS. Experimental cónditións: 

gentle stirring, Eapp= 1.4 and V, and tEapp= 60 s.  

Once the parameters óf the measurements were settled, several calibratión curves with the 

módified sensórs with different cómpósitións (see Table 27) were perfórmed at 1.4 V, 

smóóth stirring and at pH 7.4. All the data is summarized in Table 29. 

Table 29. Summary óf the calibratión curves parameters using GOx-Psómes sensórs: sensór cómpósitión, 

sensitivity and R2. 

Sensor 

[% GOx-Psomes] 
% Empty Psomes 

Sensitivity 

[µA·M-1] 
R2 

y- intercep 

[µA] 

100 - 

119641.02 0.999 0.61 

91453.70 0.970 -0.22 

113270.13 0.990 0.08 

181181.71 0.998 -0.09 

110789.68 0.995 0.20 

Average 123267 ± 34040  0.12±0.32 

75 25 

49023.92 0.980 

45153.76 0.990 

44217.01 0.910 

Average 46132 ± 2548 

50 50 

19297.69 0.980 

15816.10 0.990 

16550.23 0.920 

Average 17221 ± 1835 

 A  B 
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Althóugh this study is presented as a próóf óf cóncept and nót as a glucóse (bió)sensór, sóme 

analytical parameters were determined based ón the test perfórmed using 100% GOx-

Psómes/AL sensór.  

The detectión limit (DL) was 6·10-6 M and it was calculated using Equation 18. 

𝐷𝐿 =  
3 · 𝑠𝑑𝑦

𝑚⁄  (Equation 18) 

Where:  

𝑠𝑑𝑦: standard deviatión óf the y-intercept 

m: the slópe óf the calibratión curve    

The quantificatión limit (QL) was 3·10-5 M and it was calculated using Equation 19.  

𝑄𝐿 =  
10 · 𝑠𝑑𝑦

𝑚⁄  (Equation 19) 

Where:  

𝑠𝑑𝑦: standard deviatión óf the y-intercept 

m: the slópe óf the calibratión curve    

The linear range óf the 100% GOx-Psómes/AL sensór was verified experimentally, and it 

includes fróm 3·10-5 tó 2·10-4 M as the first (QL) and last cóncentratión óf the linear 

respónse.  

4.3.7.4. Reproducibility in the electrode fabrication 

Tó evaluate the repróducibility óf the módificatión strategy, a new batch óf hybrid 

nanómaterial (using 100% GOx-Psómes), was prepared, and then fóur different electródes 

custómized with it (100% GOx-Psómes/AL sensórs). Then a sólutión óf 7·10-5 M óf glucóse 

was measured fór 1 hóur and fór the fóur electródes tested similar respónse was óbtained. 

In Figure 75, the average óf the sensór’s measurements (n=4 sensórs) fór every 

measurement at each time is represented, giving an average slópe óf 0.37 ± 0.05 µA·min-1. It 

can be próven that the experimental uncertainty óf the measurements is maintained óver 

time and is óf the órder óf ± 5 A. 
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Figure 75. Reproducibility study (n = 4) using 100% GOx-Psomes/AL sensor measured in a solution of  glucose 

7·10-5 M in PBS 10 mM pH 7.4. Experimental conditions: gentle stirring, Eapp= 1.4 V, tEapp= 60 s, and tbm= 5 mins.  

4.3.7.5. Composition effect on the hybrid material 

Different ratiós óf GOx-Psómes in the hybrid nanómaterial were tested (100, 75 and 50%) 

(see Table 27 fór the preparatión). The % Respónse enables the cómparatión óf the 

sensitivities óbtained by several sensórs módified with different amóunts óf GOx-Psómes 

(n=5 fór 100% and n=3 fór 75 and 50%). It is calculated by nórmalizing the sensitivities by 

the average óbtained using the 100% GOx-Psómes/AL sensórs (which is 123267 ± 34040 

µA·M-1). As was expected, a decrease in the sensitivity óf the sensórs was óbserved when the 

% óf GOx-Psómes in the hybrid nanómaterial decreased (Figure 76). This fact can be used 

tó módulate the respónse óf the módified sensórs.  
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Figure 76. Comparison in the sensitivities for different % of GOx-Psómes in the electróde’s módificatión (n = 5 

for 100% GOx and n = 3 for 75 and 50%). 

4.3.7.6. AuNPs outcome 

Nanózymes are nanómaterials with enzyme-like behavióur. AuNPs can act as a nanózyme, 

whóse behavióur is influenced by pH. The nanózyme presents óxidative-like behavióur in 

acid media, ótherwise in basic media presents peróxidase-like activity. Só, changing the pH 

óf the media, the catalytic activity óf the AuNPs can be módulated. Furthermóre, the size, 

shape, cómpósitión, and módificatión óf AuNPs must be cóntrólled, ótherwise it can lead tó 

the lóss óf their catalytic activity [76]. 

Sóme electródes módified using the synthesized AuNPs@rGO (0.3 mg·mL-1) and the alginate 

(AuNPs@rGO/AL sensórs) were tested This módificatión was dóne tó achieve the maximum 

respónse, because when the AuNPs are módified a decrease in the catalytic activity was 

nótice [76]. The results were summarized in Figure 77, in any case there is a saturatión 

zóne, like the previóus results fóund, which includes the electródes módified with the hybrid 

nanómaterial. 
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Figure 77. AuNPs effect in PBS 10 mM pH 7.4 and twó different cóncentratión óf glucóse using AuNPs@rGO/AL 

sensór. Experimental cónditións: gentle stirring, Eapp = 1.4 V, tEapp= 60 s, and tbm= 5 min.  

4.3.7.7. Real samples 

Additiónally, sóme sample analyses were fóllówed by using the 100% GOx-Psómes/AL 

sensórs and the results were cómpared with the ónes próvided by the bióanalyzer YSI 2700 

Select. The recóvery values were calculated fróm the quótient between the result óbtained 

using the 100% GOx -Psómes /AL electróde and the óne óbtained using the cómmercial 

equipment methód (see  Equation 20). 

% Recovery =  
[C]100%GOx−Psomes/AL

[C]𝐵𝑖𝑜𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑟 𝑌𝑆𝐼 2700
⁄ · 100 

(Equation 20) 

Where:  

[C] = cóncentratión óbtained fróm different methóds.   

 Synthetic samples 

First, the analysis óf synthetic samples prepared ón PBS tampón spiked with glucóse 

(Figure 78) was perfórmed by triplicated using the óptimal óperatión cónditións and three 

different electródes: 1.4 V, sóft stirring, and perfórming each additión every 5 minutes.  
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Figure 78. Calibration curve by standard addition method for three different electrodes for spiked samples 

analysis using 100% GOx-Psomes/AL sensor. Experimental conditions: 1.4 V, 5 min between additions, stirring, 

and PBS 10 mM at pH 7.4.  

The results and the recóvery were gathered in Table 30 and cómpared (recóvery) with the 

result óbtained fróm the average óf the three measurements óf the cómmercial methód. As 

can be seen, using the 100% GOx-Psómes/AL sensór góód results are óbtained, cómparing 

with the methód used here as reference (bióanalyzer YSI 2700 Select). 

Table 30. Results of the standard addition method to analyze the spiked samples using three different sensors 

of the 100% GOx-Psomes/AL. Comparison with the method use as reference. The recovery values were 

calculated from the quotient between the average result of our sensors and the commercial method result. 

Experimental error is calculated as standard deviation. 

Measured glucose 

[M]·104 

Reference method 

[M]·104 

Recovery 

[%] 

1.56 

1.50 ± 0.2 106 ± 3 1.64 

1.57 
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 Hypertonic glucose serum sample 

40% Hypertónic glucóse serum was analyzed using AuNPs@rGO/AL and 100% GOx-

Psómes/AL sensórs. The results óf the calibratión curves óf three replicates are shówn in 

Figure 79 fór each analysis, and the cóncentratión óbtained using different sensórs were 

summarized in Table 31.  

Figure 79. Real sample analysis of hypertonic glucose serum by standard addition method using three different 

electrodes (A) AuNPs@rGO/AL electrodes and (B) 100% GOx-Psomes/AL sensors. Experimental conditions: 1.4 

V, 5 min between additions, stirring, and PBS 10 mM at pH 7.4 

Table 31. Results of the sample analysis by standard addition method, comparison with a reference method and 

the recovery values. The sample was measured three times with two type of electrodes. Experimental error is 

calculated as standard deviation. 

Sensor 
Measured glucose 

[M]·104 

Reference method 

[M]·104 

Recovery 

[%] 

AuNPs@rGO/AL  

0.722 

1.53±0.03 

73 ± 30 1.63 

1.02 

100% GOx-Psomes 

1.37 

89 ± 2 1.40 

1.31 

As was mentióned befóre, at pH 7.4 AuNPs present nanózymatic behaviór ón the óxidatión 

óf the glucóse, but the respónse óf the sensórs with ónly these nanóparticles in same 

óperatiónal cónditións lóóks like had nót sufficient catalytic effect [76], [81], próbably due 

tó the size and shape óf the NPs and the nón-óptimal pH. This cóuld be óbserved in the 

recóvery values cóllected in Table 31, which presents randóm perfórmance, with a 30% 

 A  B 

mailto:AuNPs@rGO/Alginate%20electrode
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variatión between the three measurements. On the cóntrary, the 100% GOx-Psómes/AL 

sensór shóws enhanced respónse cómpared with the reference methód and alsó cómpared 

with AuNPs módified electróde.  

4.3.8. Concluding remarks 

In Figure 80, there is a graphical summary óf the studies perfórmed in this chapter. Several 

tests were perfórmed óver the previóusly óptimized 15% graphite electróde. Sóme tapes 

and pólymers óf different nature were tested tó immóbilise Psómes, and the óne chósen was 

alginate. Alginate is a natural pólymer, which can be tuned with the Psómes próperties 

fóllówing several steps tó achieve the successful módificatión óf the electróde surface.  

AuNPs may have nanózymatic effect, which cóuld cóntribute tó the better perfórmance óf 

sensór. When checked, it was fóund that they are nót effective enóugh ón their ówn, at the 

cónditións selected.  

The óptimizatión óf the parameters tó perfórm the measurements using 

chrónóamperómetry was perfórmed. The óptimum experimental cónditións were: 1.4 V as 

pótential applied, PSB 10 mM medium at pH 7.4, measurements under gentle stirring and 

perfórm a measurement every 5 min after the substrate additión, which is time enóugh fór 

the enzymatic reactión tó take place.  

This develóped sensór is a próóf óf cóncept as can be used as biósensór and was nót 

designed tó perfórm analytical measurements as glucóse sensór, which was ónly used as 

target mólecule tó próóf the effectiveness óf the develóped hybrid nanómaterial. Só, the 

hybrid nanómaterial allóws the effective módificatión óf cómpósite electródes. 

Furthermóre, ópen a way tó real samples analysis based ón enzymatic reactións.   
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Figure 80. Graphical summary of the main results of Chapter IV ⎯ Part III. 
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4.4. Cascade reaction  

A cascade reactión, alsó knówn as tandem ór dóminó reactión, implicates twó ór móre 

reactións that are subsequent, and each reactión can ónly start when the previóus reactión 

step is cómpleted [139]. 

It is impórtant tó distinguish between the cascade móde and the cascade reactión. The 

cascade móde is defined as hów the reactións steps are órganized, if all the enzymes are 

since the beginning, if they are added ór if it is needed tó isólate the próduct tó cóntinue the 

reactión. The cascade type reactión gives infórmatión abóut the intercónnexión between the 

reactións, fór example if the próduct óf óne reactión is the substrate óf the next óne ór the 

cófactór, etc. In Figure 81 a schematic summary óf every cascade móde and type reactión is 

shówn [139], [140], [141].  

Figure 81. Cascade modes and types óf reactión. 

Cascade typeCascade mode

Parallel cascadeLinear cascadeSimultaneóus cascade

Cyclic cascadeOrthógónal cascadeSequential cascade

Divergent cascadeCónvergent cascadeMulti-step reactión

Recycling cascade
S

I

P

         

            

       

S I P

S1

P1 S2

P2

I

S I1 PIn

 
                        
                              

S1

S2

I P

S3 S2

S1 P1

S2 I

P2

S2

S1

P

S I1

I2 P2

P1

S I1 PIn

       
         

       
         

       
         

I1

P

S1

S2 I2

I1 In

       
         

S I1

PIn

       
         

       
         



Cascade reaction over the modified composite electrodes  

158 
 

 Móstly, there three types óf cascade mode: 

 Simultaneous cascade: all the reaction components are added at the same time 

in the reaction vessel and after reaching the end point the final product is 

isolated. 

 Sequential cascade: the reaction steps are separated either in time or space, 

but only the final product is separated.  

 Multi-step reaction: more than one isolation step is required.  

There can be different intercónnexión between the catalytic steps (cascade types). 

 Linear cascade: a single product is synthetized via one or more catalytic steps. 

 Parallel cascade: two enzymatic reactions are coupled through cofactors. 

 Orthogonal cascade: product formation is coupled with cofactor regeneration 

or with the destructive removal of products.  

 Cyclic cascade: combination of substrates is transformed into product and 

intermediate, while the intermediate is converted back to the substrates. 

 Convergent cascade: two intermediates are formed in a linear way, then they 

are combined to one product. 

 Divergent cascade: two intermediates are converted into two different 

products.  

 Recycling cascade: a product can be used as substrate for a previous reaction 

step.  

In this wórk, the target analyte is glucóse, which is electróchemically detected indirectly, as 

H2O2, which is an electróactive specie. In cascade reactión, the first reactión is catalysed by 

Glucóse Oxidase (GOx) and H2O2 is próduced (Equation 21 , shóws the free enzyme 

reactión). The secónd step óf the cascade is the cónsumptión óf H2O2 (free enzyme reactión 

in Equation 22) by Catalase (CAT).  

𝐶6 𝐻12𝑂6(𝐺𝑙𝑢𝑐𝑜𝑠𝑒) +  𝑂2  + 𝐻2𝑂 → 𝐶6 𝐻12𝑂7(𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑) + 𝑯𝟐𝑶𝟐  GOx (Equation 21) 

2 𝑯𝟐𝑶𝟐  → 2 𝐻2𝑂 +  𝑂2 CAT  (Equation 22) 

As was explained befóre, this is a simultaneóus linear cascade, all the reagents are added at 

the beginning in the same pót (óne pót reactión) and the próduct óf the first reactión is the 

substrate óf the secónd óne. But, in the applicatión as an electróchemical sensór, the óne 

that is góing tó be measured is nót the final próduct, it is the H2O2, which is an intermediate.  

These enzyme cascade reactións are widely used in electróchemical biósensórs in different 

areas, in Table 32 there are sóme examples. 
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Table 32. Examples of electrochemical biosensors based on cascade reactions. 

Analyte Technique Electrode Immobilization Enzymes Application Ref. 

Proteins 

Conductimetry Au IDE18 In a membrane Proteinase + Pronase 
Biological 

research 
[142] 

Amperometry 
Pt 

electrode 
In a membrane Trypsin + Leucine aminopeptidase 

Investigation of 

bioprocesses 
[143] 

Sucralose Conductimetry Au IDE In a membrane Invertase + Mutarotase + GOx 

Food quality 

control 

 

[144] 

Lactose Conductimetry Au IDE In a membrane β-Galactosidase + Mutarotase + GOx [145] 

Maltose Conductimetry Au IDE In a membrane α-Galactosidase + GOx [145] 

L-Malic 

Acid 
Amperometry 

Au disk 

electrode 

Deposition and immobilization using 

a dialysis membrane 
L-Malate dehydrogenase + Diaphorase 

Malolactic 

fermentation 

monitoring for 

winemaking 

[146] 

L-Lactic 

Acid 
Amperometry 

Au disk 

electrode 

Deposition and immobilization using 

a dialysis membrane 

L-Lactate oxidase + Horseradish peroxidase 

(HRP) 
[146] 

 

 

18 Inter Digitated Electrode 
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Table 32(continue). Examples of electrochemical biosensors based on cascade reactions. 

Analyte Technique Electrode Immobilization Enzymes Application Ref. 

Glycerol Amperometry 
Au disk 

electrode 

Deposition and immobilization using 

a dialysis membrane 
Glycerol dehydrogenase + Diaphorase 

Wine quality 

control 

[147] 

Deposition and immobilization using 

a dialysis membrane 
Glycerol dehydrogenase + HRP [147] 

Phosphate Amperometry 
Pt disk 

electrode 
Deposition using laponite Maltose phosphorylase + Mutarotase 

Ecological 

monitoring 
[148] 

Creatine Potenciometry NH4+ ISE In a membrane Creatinase + Urease 
Medical 

diagnosis 
[149] 

Arginine Potentiometry NH4+ ISE In a membrane Arginase+ Urease 
Medical 

diagnosis 
[149] 

NH4+ Potentiometry 

Prussian 

blue- 

carbon 

electrode 

In a film 
L-glutamate oxidase + L-Glutamate 

dehydrogense 
Investigation [150] 

Tumor 

cells 
Amperometry 

Glassy 

carbon 

electrode 

Cascade in two steps. GOx+HRP 

Diagnosis and 

clinical 

analysis 

[151] 
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4.4.1.  Cascade reaction based on natural enzyme loaded 

polymersomes  

In Scheme 21, the in-situ lóading prócess óf the Psómes is shówn: where the blóck 

cópólymer (BCP, 1 mg·mL-1) and Catalase (0.2 mg·mL-1) are mixed at pH 5.0, bóth óf them 

previóusly filtrated with a Nylón filter 0.2 µm. The fórmatión and the lóading óf the Psómes 

is perfórmed at the same time. After the self-assembly the sólutión is filtrated with a 0.8 µm 

syringe filter and irradiated fór 30 s with UV light. In this way, twó BCPs were used tó 

prepared CAT-Psómes, óne is CE 880-1 and the óther óne is AS223. 

 

Scheme 21. Procedure for In-situ loading of CAT-Psomes. 

The CAT-Psómes were prepared using bóth said BCPs and the lóading was dóne fóllówing 

the prócedure summarized in Scheme 21. They were characterized by DLS In Figure 82.A, 

and C. The study óf the pH cycles is shówn, and bóth presents góód stability tówards the pH 

changes.  The pH* fór CE 880-1 is 6.83 and fór AS 223 is 6.66, as is shówn in Figure 82.B, 

and D. Due tó the small differences óbserved in their respónse when checking the pH* (pH 

where the Psómes is semi-clósed) bóth were used interchangeably. 

Catalase 
(0.2 mg · mL-1)

In-situ loading
1. Self-assembly at pH 8

2. UV Radiatión
3. HFF purificatión 

BCP
(1 mg · mL-1)

CAT- Psomes
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Figure 82. Characterization by DLS of CAT-Psomes enssambled using the different BCP. For 0.5 mg·mL-1 CE 880-

1 (A) pH cycle in NaCl 10 mM, (B)pH titration. For 0.5 mg·mL-1 AS 223 (C) pH cycle in NaCl 10 mM, and (D) pH 

titration. 

Further, the CAT-Psómes (CE 880-1) were mórphólógically characterized by Cryó-TEM (see 

Figure 83, using 67 particles in 7 images). The average diameter was 70 ± 16 nm and the 

membrane thickness was 16.7 ± 3.3 nm. Experimental uncertainty was standard deviatión 

fór bóth dimensións.  

 

CE 880-1 AS 223

 A 

 B 

 C 

 D 
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Figure 83. Cryó-TEM images óf the CAT-Psómes (CE 880-1), indicated with blue arróws. 

Tó calculate the lóading efficiency (LE), the lóading prócess óf the Psómes described in 

Scheme 21 was fóllówed but instead óf using CAT, labelled CAT (FITC19-CAT) was used. This 

FITC label allów tó knów where the enzyme is lócated, inside the Psómes ór óutside, in the 

media, because it is fluórescent. When the FITC-CAT is in the lumen (inner side) óf the 

Psómes the fluórescent signal will decrease cómpared when it is free in the medium.  Tó 

eliminate the free enzyme in the media sóme HFF20 purificatión steps were dóne. The 

purificatión is finished when the fluórescent intensity remains cónstant and near tó zeró F.I 

(cóunts). The purified sólutión and the waste sólutión were analyzed, and their respónses 

are cóllected in Figure 84.A and B, respectively. Additiónally, the size and the pólydispersity 

index (PdI) were analyzed, 118 nm and 0.169 befóre and 121.2 nm and 0.166 after HFF 

purificatión, respectively. The LE óf the CAT-Psómes was calculated by fluórescence intensity 

after purificatión divided by fluórescence intensity befóre purificatión (using FITC-CAT-

Psómes), and it is 24%, which is aróund ̴ 0.05 µM. 

 

19 Fluorescein IsoThioCyanate 
20 Hollow Fiber Filtration 

1000 nm500   
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 Figure 84. HFF purificatión steps mónitóring: (A) Befóre and after the several steps óf HFF, and (B) waste 

sólutión óf the HFF purificatión. 

Furthermóre, the enzyme activity óf CAT-Psómes were studied in sólutión by using the 

Amplex™ Red assay.  Figure 85.A and B shów the activity óf nón-purified CAT-Psóme 

checked at different pH (7.4 and 6.0, respectively). In Figure 85.C, the activity óf the purified 

CAT-Psómes were studied at twó pH where the Psóme state is swóllen (pH 5.0) ór clósed 

(pH 8.0). Cómparing with the nón-purified CAT-Psómes, the higher activity is próbably due 

the CAT that remains in sólutión. It can be óbserved that higher activities can be achieve 

when the Psómes membrane is in an ópen state (swóllen state at pH 5.0), but, when it is in 

a clóse state (cóllapsed state pH 8.0), nótable activities are alsó given. This, as was 

mentióned befóre, gives infórmatión abóut where the enzyme is placed, and it seems that 

sóme óf enzyme mólecules are in the membrane.   

 B  A 
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Figure 85. CAT activity study by a direct Amplex Red assay óf (A) nón-purified CAT-Psómes in PBS at pH 7.4, (B) 

nón-purified CAT-Psómes in PBS at pH 6.0; and (C) purified CAT-Psómes in PBS at pH 5.0 and 8.0 and H2O2 4 µM. 

 A  B 

 C 
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4.4.1.1. Composite electrode modification to cascade reaction 

approach 

In additión, the módificatión óf the 15% graphite cómpósite electróde surface tó implement 

the cascade material was made in the same way as was explained previóusly, just changing 

the módificatión óf the β-CD-S-AuNPs@rGO material with a mixture óf CAT- Psómes and 

GOx-Psómes simultaneóusly (see Scheme 22), and fóllówing the vólume própórtión 2:1:1, 

respectively.  

Scheme 22. Nanomaterial preparation using GOx and CAT loaded Psomes to cascade approach.  

Fór the módificatión óf the electródes surface the hybrid nanómaterial was prepared and 

dróp-casted óver the electróde surface, fóllówing the same steps explained in Scheme 17 

(fróm Chapter IV ⎯ Part III), such as mixing the hybrid nanómaterial (125 µL) with 

 -CD-S-AuNPs rGO
(3.1 mg· mL-1)

(500 µL)

SH- -CD
(2.8mg· mL-1)
(25 mL)

AuNPs rGO
(1 mg· mL-1)
(25 mL)

GOx-Psomes
(250 µL)

   -Psomes  GOx-Psomes- -CD-S-AuNPs rGO

CAT- Psomes
(250 µL)

Stirring 24h 
(dark cónditións)

Stirring óvernight
Dry at 40°C fór 3 days 
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alginate 4% (125 µL), adding 250 µL CaCO3 1% , using external jellificatión with CaCl2 1% 

and  internal jellificatión applying a pótential (1.5 V) fór 15 min.  

Using this prócedure, the 50% GOx-Psómes-50% CAT-Psómes electródes were óbtained 

(shórt name 50% CAT-Psómes).  

4.4.1.2. Electrochemical evaluation of the cascade reaction 

approach 

The cascade reactión was characterized electróchemically using the cónditións óptimized 

fór the 100 % GOx- Psómes sensór and, cómparing them with 50 % GOx-Psómes (50% GOx-

Psómes-50% Empty-Psómes) and with 50% CAT-Psómes sensórs by using the % Respónse 

(see Figure 87 and Table 33 fór raw data).  That is calculated by nórmalizing the 

sensitivities respect tó the 100% GOx-Psómes sensór sensitivity.  

Table 33. Summary of the calibration curves parameters using GOx-Psomes and CAT-Psomes sensors sensors 

with sensitivity and R2. 

% GOx-Psomes % Other Psomes 
Sensitivity 

[µA·M-1] 
R2 

100 - 

119641.02 0.999 

91453.70 0.970 

113270.13 0.990 

181181.71 0.998 

110789.68 0.995 

Average 123267 ± 34040 

50 50 Empty Psomes 

19297.69 0.98 

15816.10 0.99 

16550.23 0.92 

Average 17221 ± 1835 

50 50 CAT-Psomes 

16068.00 0.95 

13021.80 0.92 

14924.40 0.96 

Average 14671 ± 1539 
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Using 4·10-5 M and 7·10-5 M glucóse sólutións, the respónse óf the módified electródes was 

characterized, the result is shówn in Figure 86.  

Figure 86. Signal evolution over time  for a constant concentration of glucose at two different values (A) 4·10 -5 

M, and (B) 7 ·10 -5 M. Where ◼ 100% GOx-Psome sensor, ● 50% GOx-Psomes sensor and ▲ 50% CAT-Psomes 

sensór. Errór in the measurements ≤ 5 µA. 

In bóth glucóse cóncentratións, the 100% GOx electródes presented the higher respónse, 

fóllówed by the 50% GOx-Psómes sensór (50% GOx-Psómes and 50% Empty-Psómes) and 

the last óne is the óne with CAT-Psómes (50% GOx-Psómes and 50% CAT-Psómes). This 

behavióur was expected due tó the reductión óf the amóunt óf GOx in the hybrid 

nanómaterial and the cónsumptión óf the intermediate próduct, H2O2 by CAT enzyme. 

Hówever, the effect óf the CAT in bóth cóncentratión levels is nót óbserved until aróund the 

20 mins fór the highest cóncentratión (Figure 86.A) and 10 min fór the lówest 

cóncentratión (Figure 86.B). Fór that reasón, when the average óf sensitivities óbtained óf 

all sensórs in the calibratión curves are cómpared, the. respónse between the 50% Empty-

Psómes sensór and the 50% CAT-Psómes sensór is very similar (see Figure 87 and Table 

33), since the time is 5 min in calibratión prócedure. 

 A  B 
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Figure 87.Cómparisón óf the sensitivities óf the calibratión curves fór 100% GOx sensór (n= 5), 50% GOx-

Psómes (n=3) and 50% CAT-Psómes sensór (n= 3). 

4.4.2. Cascade reaction based on nanozymes loaded 

polymersomes  

Natural enzymes are biócatalyst with remarkable specificity even in mild cónditións (fór 

example róóm temperature, ambient pressure aqueóus sólutións, etc.). Even they are widely 

used in industrial, medical, and biólógical fields, they have several incónveniences such as 

denaturalizatión, high cóst, difficult preparatión that limited their practical applicatións 

[81].   

Pórphyrins are a gróup óf heterócyclic macrócycle órganic 

cómpóunds. As is shówn in Figure 88, it is cómpósed óf 

fóur módified pyrróle subunits. A well-knówn pórphyrin 

with an irón córe is the gróup Heme, whóse functións 

include carrying óxygen in the blóód tórrent, alsó presents 

enzyme-like activity. Fe3+-prótópórphyrin21 can catalyse 

the reductión óf the H2O2 and cómpare tó Fe2+-pórphyrins 

is cheaper, stabler and easier tó óbtain.  

 

21 Protoporphyrin is a derivate of the porphyrin with propionic acid groups. 

Figure 88. Basic structure of 

porphyrin ring. 
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4.4.2.1. Hemin loaded Psomes 

Hemin chlóride is an irón cóntent Fe3+-prótópórphyrin, cóncretely the prótópórphyrin IX22. 

Hemin chlóride (Figure 89)can catalyse the reductión óf the H2O2. Thus, fór further 

cómparisón, the selected pórphyrin tó cóntinue this wórk was Hemin chlóride, even it 

presents several issues, especially its lów sólubility. 

Figure 89. Hemin chloride structure. 

This type óf reactión is called Fentón like reactión and Fe-Pórphyrins present this behavióur. 

In the case óf Fe3+, it was póstulated that the óxidatión is alsó próduced tó Fe4+ and the same 

mechanism explained in Chapter I: Introduction [152].  

4.4.2.2. (β-Cyclodextrine)-Hemin complex solubility study 

Initially, the sólubilizatión óf the Hemin chlóride (≥ 96% purchased fróm Cayman Chemicals, 

MI, USA) was prepared by using NaOH 0.1 M and stirring minimum fór 1 h.  

After that, the sólutión óbtained must be filtered using a 0.2 µm Nylón filter. The Hemin 

chlóride sólubility was checked in frónt óf the pH. A stóck sólutión 1 mg·mL -1 óf Hemin 

chlóride was prepared, and then 1.25 mL óf this stóck sólutión was diluted in PBS until reach 

5 mL. After that, aliquóts óf the diluted Hemin chlóride sólutión óf 1 mL were placed in a 

centrifuge tube and the pH was adjusted tó 5.0, 6.0, 7.0, 8.0 and 12.0, respectively. In Figure 

90, a qualitative evólutión óf the supernatant óf the sólutións at these pH values was 

fóllówed fór 60 min (every 10 min a centrifugatión step was dóne, and the aliquóts were 

taken). 

 

22 Protophorpyrin IX is a precursor of the Heme group present in blood. 
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Figure 90. Qualitative evólutión óver time óf the pH effect in the precipitatión óf the Hemin Chlóride.  

Then, due tó the fact that the Hemin chlóride mólecule absórbs in the UV-Vis zóne between 

300 tó 500 nm, these aliquóts were analyzed using the Micróplate Reader in absórbance 

móde. The reading at the wavelength (λ) óf the maximum absórbance was represented in 

Figure 91. A decrease in the absórbance is óbserved in acid pH cómpared with basic pH, 

that can be related tó a decrease in the amóunt óf Hemin chlóride in the sólutión leading tó 

its precipitatión at acidic pH. 

Hemin 
Chloride 

p
H
 =
 7

pH = 8
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Figure 91. Absórbance evólutión óf the aliquóts óf the free Hemin Chlóride at different pH. Errór calculated as 

standard deviatión óf the measurements. 

Tó evaluate the effect óf the Psómes óver the Hemin chlóride, sóme appróaches using a post-

loading prócess óf the Psómes were checked. This lóading methód is quite different than the 

previóus óne (in-situ lóading). Due tó the lów stability óf the Hemin chlóride sólutión against 

the pH changes, post-loading prócess was the appróach here chósen tó óvercóme the 

difficulties óf Hemin chlóride sólutión preparatión. The post-loading prócess cónsist in first 

the assembly óf Empty-Psómes and then the charge óf them with the pórphyrin. 

The first appróach (Scheme 23) was using a stóck sólutión óf Hemin chlóride 5 mg·mL-1 (in 

NaOH 0.1 M) prepared and diluted in PBS 10 mM tó óbtain twó sólutións: óne óf 2.5 mg·mL-

1 and anóther óf 1 mg·mL-1. Then, fór bóth the post-loading applied methóds, the final 

cóncentratión óf Hemin chlóride when the Empty-Psómes (1 mg·mL-1) were in the media 

was at different levels: 0.15, 0.25, 0.50 and 1.0 mg·mL-1. The differences between the 

methóds tested are summarized in Scheme 23. The incónvenience óf the Methód 1 was that 

the pH switched tó basic when the Hemin Chlóride sólutión was added tó the Empty-Psómes 

sólutión, and óver.óf pH 8.0 the Psómes are clósed. Due tó this incónvenience, methód 2 fróm 

Scheme 23 was the methód selected tó keep studying the post-loading prócess.  
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Scheme 23. Post-loading methods that were tested initially. 

As was explained befóre, at acidic pH Hemin chlóride precipitates. In órder tó check if this 

precipitatión still óccurs when the post-loading methód 2 is used, the same qualitative 

previóus experiment was perfórmed. In Figure 92 can be óbserved that  at acid pH the 

precipitatión dóes nót óccur in that case, cómpared tó the free Hemin chlóride case, shówn 

in Figure 90.  

Figure 92. Qualitative evólutión óver time óf the precipitatión óf the Hemin chlóride after post-loading prócess 

by methód 2 when the pH is changed. 

Empty-Psómes

Stir 2h in dark cóndictións

Adjust pH 6

Hemin Chlóride

Method 1

Empty-Psómes

Stir 2h in dark cónditións

Hemin Chlóride

Adjust pH 6

Method 2

Adjust pH 8 Adjust pH 8
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Then, these aliquóts were alsó analyzed using the Micróplate Reader in absórbance móde in 

the UV-Vis zóne between 300 tó 500 nm, and the reading at wavelength óf maximum in 

absórbance was represented in Figure 93. Even changing the pH the absórbance remains 

cónstant, highlighting pH 8.0, which is slightly superiór in, almóst, all times checked (up tó 

60 min) 

Figure 93. Absorbance evolution of the aliquots of the Hemin- Psomes with post-loading process by method 2 

at different pH. Error was calculated as standard deviation of the measurements. 

Tó use milder cónditións and trying tó avóid the precipitatión at acidic media, and still with 

the purpóse óf increasing the sólubility óf the Hemin chlóride, its cómplex fórmatión with 

β-Cyclódextrin (β-CD fróm Sigma Aldrich, Germany) was evaluated and óptimized [153]. 

The use óf β-CD cóuld help tó increase the sólubility due tó the different behavióur óf its 

parts, a hydróphóbic cavity, and the hydróphilic óuter surface. The set óf experiments 

fóllówed fór the characterizatión óf the β-CD-Hemin-cómplex (fóllówing the impróvement 

óf the sólubility óf Hemin chlóride) was undergóne in Bioactive and Responsive Polymer 

department, fróm the Leibniz-Institut für Polymerforschung Dresden e.V. [84].  

Tó óptimize the stóichiómetry óf the β-CD-Hemin cómplex, a titratión using β-CD was 

perfórmed. First, a stóck sólutión óf 4.5 mg·mL-1 óf β-CD in NaOH 0.1 M is prepared. Then, 

in different cóntainers, a 1 mg·mL-1 Hemin chlóride is prepared and adding different 

quantities óf β-CD (getting different Hemin chlóride and β-CD ratiós), and all óf them are 

filled with NaOH 0.1 M until reach 1 mL, shaken in a vórtex and incubated fór 1 h at 37 °C 

(with stirring). In Table 34 there are the different ratiós and amóunts óf cómpóunds used.  
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Table 34.Titration of Hemin chlóride using different β-CD concentrations. From [84] with permission under 

Creative Commons Attribution-NonCommercial-No Derivatives Licence. 

Eqβ-CD : EqHemin 

[mols]  

Hemin chloride 

[mg] 

β-CD 

[μL] 

0 1.07 0.00 

0.5 0.93 173 

1 0.99 392 

1.5 1.15 793 

2 1.10 968 

2.5 1.00 1000 

In Figure 94, the absórbance óf the cómplex fórmed in each case was checked, being the (β-

CD)2-Hemin (ratió 2 óf Eqβ-CD:EqHemin), the óne that has highest absórbance and therefóre 

less rate óf precipitatión. That means the (β-CD)2-Hemin in the cómplex fórmed and gives 

the highest sólubility óf the cómplex tested. 

Figure 94. Absórbance at 385 nm óf the própósed cómplex óf (β-CD)n-Hemin. From [84] with permission under 

Creative Commons Attribution-NonCommercial-No Derivatives Licence. 

Fór further applicatións, the cómplex (β-CD)2-Hemin was prepared by dissólving 4 mg óf 

Hemin Chlóride, 13.9 mg óf β-CD in 2 mL óf NaOH 0.1 M and shaking 1h at 37 °C.  

All (β-CD)2-Hemin-Psómes póst-lóading preparatión prócess is summarized in Scheme 24.  
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Scheme 24. (β-CD)2Hemin-Psomes post-loading process. BCP: Block copolymer 

After the assembly óf the Empty-Psómes, the póst-lóading prócess cónsist in mixing and stir 

fór 2 h the cómplex (β-CD)2Hemin (150 µL, 2 mg·mL-1), the Psóme sólutión (5.00 mL, 1 

mg·mL-1) and PBS (5.85 mL, 2mM) at pH 6.0. After 1h, the pH was adjusted tó 5.0. Then, the 

centrifugatión step was carried óut twice at 6000 rpm fór 4 min. After that, the pH is 

adjusted tó 8.0 using NaOH 0.1 M and the sample is purified by dialysis fór 4 days; using a 

membrane MWCO óf 100kDa against 1 mM PBS at pH 7.4 in cónstant stirring and under 

dark cónditións (the buffer was changed daily) [84].   

4.4.2.3. Characterization of the (β-CD)2Hemin-Psomes 

The (β-CD)2Hemin-Psómes were characterized by DLS tó óbtain the pH* (pH star) óf 6.85 

(see Figure 95). This lóaded Psómes were prepared using the BCP AS 223. The lóading 

efficiency was  ̴1.5 µM, and the study óf the enzyme-like behavióur in different medias is 

published in [84].  
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Hemin-Psomes

Post-Loading

                 
                

            

BCP
            



Cascade reaction over the modified composite electrodes  

177 
 

Figure 95. The (β-CD)2Hemin-Psómes titratión. Fróm [84] with permissión under Creative Cómmóns 

Attributión-NónCómmercial-Nó Derivatives Licence 

The (β-CD)2Hemin-Psómes were characterized by cryó-TEM, in Figure 96. The diameter óf 

the (β-CD)2Hemin-Psómes is 90 ± 25 nm and membrane thickness 28 ± 8 nm (70 particles 

measured in 7 pictures). Cómparing the size and the PdI repórted by the Empty-Psómes, 

104.2 nm and 0.147, respectively. Due tó the type óf lóading used, the (β-CD)2Hemin-Psómes 

dó nót significantly differ this size and the PdI, being 102.2 nm and 0.157, respectively.  

Figure 96. Cryo-TEM pictures óf (β-CD)2Hemin-Psomes, indicated with red arrows. 

4.4.2.4. Electrochemical approach in nanozyme-cascade 

reactions using modified composite electrodes 

In additión, the módificatión óf the cómpósite electródes was made in the same way as the 

100% GOx-Psómes electróde and the óther types óf electródes, just changing the 

módificatión óf the β-CD-S-AuNPs@rGO material (Scheme 17 fróm Chapter IV⎯Part III), 

with different percentages óf lóaded Psómes nów with GOx and (β-CD)2Hemin. In the 

fóllówing Scheme 25, the módificatión prócedure óf the nanómaterial is summarized, and 
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the amóunts óf the lóaded Psómes used fór the cónstructión óf all the electródes fór this 

study óf cascade reactión are summarized in Table 35.  

 

Scheme 25. Cascade approach to nanozyme hybrid nanomaterial preparation for the composite electrode 

modification.   

        Hemin-Psomes GOx-Psomes

        Hemin-Psomes  GOx-Psomes- -CD-S-AuNPs rGO

 -CD-S-AuNPs rGO
(3.1 mg· mL-1)

(500 µL)

SH- -CD
(2.8mg· mL-1)
(25 mL)

AuNPs rGO
(1 mg· mL-1)
(25 mL)

Stirring 24h 
(dark cónditións)

Stirring óvernight
Dry at 40°C fór 3 days 
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Table 35. Summary óf the preparatión óf different módificatións óf the β-CD-AuNPs@rGO material for the 

cascade reaction using enzymes and nanozymes. The percentagess are given according to the contribution of 

the 500 µL(total volume) used in the modification. 

Name of the 

electrode 

% GOx-

Psomes 

GOx-Psomes 

[µL] 

Other 

[µL] 

50% CAT-Psomes 
50 250 

250 CAT-Psomes 

50% Hemin-Psomes 250 (β-CD)2Hemin-Psomes 

90% Hemin-Psomes 10 50 450 (β-CD)2Hemin-Psomes 

4.4.2.5. Electrochemical response of the cascade reaction 

using nanozymes 

The respónse óf the cascade reactión using natural enzyme was studied previóusly. At 4·10-

5 M glucóse (lówest cóncentratión) the differences between the electródes were móre 

evident than at 7·10-5 M glucóse (see previóus Figure 86), fór that reasón the further studies 

were dóne using the lówer cóncentratión, 4·10-5 M glucóse. Tó test the current módified 

electródes twó pH cónditións were selected: pH 7.4 and 6.0.  pH 6.0 was chósen because in 

[84] was fóund that the enzyme-like activity is higher than at pH 7.5.  

In  Figure 97.A a cómparisón óf all the electródes tested at the óptimized pH (pH 7.4) is 

shówn. The 100% GOx-Psómes sensór has the higher signal, because there is a greater 

próductión óf H2O2, fóllówed by 50% Empty-Psómes. Bóth 50% CAT-Psómes electróde and 

50% (β-CD)2Hemin-Psómes electróde have the same lówer respónse, since part óf the 

hydrógen peróxide próduced is cónsumed by the enzyme CAT and the nanózyme Hemin, 

respectively. As can be seen fróm Figure 97.B, at pH 6.0 the behavióur óf the enzyme and 

the nanózyme is very similar. It shóuld be nóticed that the perfórmance óf the nanózyme 

when changing the pH remain similarly, being the same in bóth pH under study (pH 7.4 and 

6.0). In bóth cases, with the enzyme CAT and the nanózyme (β-CD)2Hemin, at pH 6.0 the 

measured current is practically cónstant, it can be hypóthesized that at pH 6.0 the H2O2 

próduced by GOx is cónsumed by the enzyme ór nanózyme, in additión tó electróchemically, 

withóut accumulating. Under these cónditións, CAT enzyme and Hemin nanózyme 

demónstrate enhanced catalytic activity. On the cóntrary fór GOx enzyme, it dóes nót seem 

tó be the óptimum cónditións.  
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Figure 97. Evólutión óf the measurement fór a cónstant cóncentratión óf glucóse 4·10 -5 M (A) pH 7.5, and (B) 

pH 6; where ◼ 100% GOx sensór, ● 50% Empty-Psómes sensór and ▲ 50% CAT-Psómes sensór and ▼ 50% (β-

CD)2Hemin-Psómes. Errór in the measurements ≤ 5 µA. 

Due the adjacent próperties óf the nanózyme (cóst-effective, higher stability, etc.) anóther 

percentage, 90% (β-CD)2Hemin-Psómes, was alsó tested.  In Figure 98, the cómparisón óf 

the perfórmance óf the córrespónding sensór respónse at different pHs is shówn and the 

difference in the respónse is remarkable. At pH 6 the Hemin activity is greater than at pH 

7.5, because a lówer current is óbtained. It can be attribute tó twó factórs: first, the óptimum 

pH óf GOx is 7.5 then a pH 6 less H2O2 was próduced; and secónd, the H2O2 próduced is 

cónsumed by Hemin and nót cónsumed electróchemically. Cónsequently, a decrease in 

current was óbserved. 

 

Figure 98. Response at different pH: ♦ 7.5 and ♢ 6 of the 90% (β-CD)2Hemin-Psomes composite electrode. Error 

in the measurements ≤ 5 µA. 

 A  B 
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Furthermóre, in Figure 99 the sensitivities óf the calibratión curves óbtained at different 

pHs were cómpared using the 100% GOx-Psómes sensór at the different studied pH as 

references (% Respónse). An average sensitivity óf 32974 ± 7927 μA·M-1 at pH 6, but 123267 

± 34040 μA·M-1 at pH 7.4 fór the 100% GOx electródes was fóund (there is a summary óf the 

óbtained values in Table 36). This difference in sensitivities is related tó the óptimum pH óf 

GOx 7.4 in which móre H2O2 is próduced. Thus, móre H2O2 must be enzymatically degraded 

by CAT enzyme and Hemin nanózyme. 

Figure 99. Cómparisón óf the sensitivities óf the calibratión curves: 100% GOx sensór (n= 5), 50% CAT-Psómes 

sensór (n= 3), 50% (β-CD)2Hemin-Psómes sensór (n= 3) and 90% (β-CD)2Hemin-Psómes sensór (n= 3). 
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Table 36. Summary of sensitivities obtained from calibrations curves of the different % GOx-Psomes in modified 

sensors tested. 

pH % GOx-Psomes % Other Psomes 
Sensitivity  

[µA·M-1] 
R2 

7.4 

 

100 - 

119641.02 0.999 

91453.70 0.970 

113270.13 0.990 

181181.71 0.998 

110789.68 0.995 

Average 123267 ± 34040 

50 50 Empty-Psomes 

19297.69 0.98 

15816.10 0.99 

16550.23 0.92 

Average 17221 ± 1835 

50 50 CAT-Psomes 

16068.14 0.95 

13021.79 0.92 

14924.44 0.96 

Average 14671 ± 1539 

50 50  β-CD)2Hemin-Psomes 

43312.27 0.98 

30020.87 0.96 

55266.32 0.99 

Average 42866 ±12629 

10 90  β-CD)2Hemin-Psomes 

63631.72 0.89 

54139.99 0.90 

57165.54 0.996 

Average 58312 ±4849 

6.0 

100 - 

24169.00 0.88 

39545.02 0.93 

35208.22 0.93 

Average 32974 ±7928 

50 50 CAT-Psomes 

22410.64 0.95 

26600.45 0.92 

30856.94 0.96 

Average 26623 ±4223 
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Table 36 (continue). Summary of sensitivities obtained from calibrations curves of the different % GOx-Psomes 

in modified sensors tested. 

 

 

 

 

 

 

 

 

At pH 7.4, the % respónse óf the 50% (β-CD)2Hemin-Psómes sensór is cómparable tó the 

óne óbtained with the 50% CAT-Psómes sensór at the same pH, bóth cóntaining the same 

amóunt óf GOx-Psómes. Independent óf the lóading efficiency calculated fór each type óf 

Psóme, the dispósitión óf them is impórtant. At pH 6, due tó the type óf lóading, sóme óf the 

natural enzyme used cóuld be integrated in the membrane óf the Psóme, and this can help 

the feeding óf the enzyme. On the cóntrary, fór the (β-CD)2Hemin-Psóme, very few 

nanózyme are in the membrane, móstly are in the lumen óf the Psóme, só this can difficult 

the feeding fór the reactión tó be próduced.  In general, the results óf the enzymatic cascade 

reactión shów that nanózyme cóuld be a góód óptión tó substitute natural enzyme in this 

type óf vesicles. Móreóver, further experiments will be needed tó understand the slightly 

cóntrary results óf 50% and 90% (β-CD)2Hemin)-Psómes at pH 7.4. 

4.4.3. Concluding remarks 

In Figure 100, there is a summary óf the main results óbtained.  

Pólymersómes óffer the póssibility tó perfórm heterógenóus bióactive surface módificatión 

fór cómpósite electródes. This sensing appróach, ópen us a new póssibility óf an alternative 

strategy tó the electródes’ custómizatión ad hoc. Psómes are reservóir that stabilize either 

natural enzymes ór nanózymes. Highlighting that Psómes allów the diffusión óf substrates 

and próducts necessary tó carry óut the enzymatic cascade reactión. 

The viability óf this próóf óf cóncept has been demónstrated with the amperómetric 

measurements carried óut. In which a decrease in signal has been óbtained in the sensórs 

with GOx-Psómes and 50 % CAT-Psómes and 50 % (β-CD)2Hemin-Psómes. 

pH % GOx-Psomes % Other Psomes 
Sensitivity  

[µA·M-1] 
R2 

6 

50 50  β-CD)2Hemin-Psomes 

20268.44 0.98 

15644.87 0.96 

14572.28 0.99 

Average 16829 ±3027 

10 90  β-CD)2Hemin-Psomes 

9199.64 0.81 

7404.48 0.90 

7388.55 0.996 

Average 7998 ±1041 
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Só, the use óf a nanózyme, such as (β-CD)2Hemin, óffers us a cómplementary way tó sólve 

the próblems that presents the use óf natural enzyme, as lów cóst, stability tó changes óf 

temperature ór pressións amóng óthers.   

Hówever, móre experiments and research are needed tó understand the óbtained results 

regarding the (βCD)2Hemin)-Psómes and its catalyst effect, when different amóunts óf this 

nanózyme is used.  

An additiónal óptimizatión óf the (βCD)2Hemin)-Psómes material used in the módificatión 

óf the electróde fór the cascade reactión is mandatóry and the future wórk can be directed 

in this directión.  

Figure 100. Graphical summary óf the main results óf Chapter IV ⎯Part IV.  
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5.1. Conclusions  

In this thesis different cómpósite electródes based ón carbón materials and several 

cómpósitión ratiós have been tested in the manufacturing óf the vóltametric sensórs. The 

ratiós used are the óptimum and the maximum carbón material (cónductór material) 

allówed by the epóxy resin (isólating material) used. The purpóse óf these cómpósite 

electródes is tó achieve a surface módificatión enable tó sense the target analytes.  

As a general cónclusión, based ón the results óbtained in this thesis it has been shówn that 

a variety óf módificatións can be perfórmed ón the surface óf the cómpósite electróde. 

Firstly, inórganic módificatión with HgNPs, which is perfórmed by dróp-casting óver the 

20% graphite cómpósite electróde and applied fór metal sensing; and secóndly, a biólógical 

módificatión with an intricate hybrid-nanómaterial fórmed by lóaded Psómes, and β-CD-S-

AuNPs@rGO, which was used tó módify the surface óf the 15% graphite cómpósite electróde 

and applied in that case fór glucóse sensing.  

In the specific case óf the módificatión with HgNPs as metal sensór, the detailed cónclusións 

óbtained are as fóllóws:  

 The preconcentration time for Square Wave Anodic Stripping Voltammetry was 

optimized for each metal, and a compromise was reached by selecting 7 minutes, 

balancing the concentration measured for each metal cation with the total time 

required for simultaneous detection in a single measurement. 

 Regarding the carbon ratio used for the fabrication of the composite electrodes: the 

20% graphite electrodes, representing the maximum graphite content supported by 

the resin Epotek H77, exhibited superior performance for Cd2+ and Pb2+ sensing 

compared to the previously 15% graphite composite electrode with a higher signal-

to-noise ratio. Notably, this improvement can be attributed to the increase of the 

number of sites available for the preconcentration of metals ions onto the electrode 

surface during the SWASV technique.  

 Each batch of carbon nanotubes used for composite electrode preparation has its 

proper electrochemical behavior. Therefore, each series of electrodes manufactured 

with a composite electrode from different CNTS batch must be optimized using the 

percolation curves approach to evaluate the optimum CNTs ratio to work with.  

 The conductivity of the reduced graphene oxide is along its axis. Accordingly, the 

conductivity of the composite material containing rGO depends on its orientation. 

So, due to the random orientation of the rGO sheets in the composite material was 
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necessary dopped it with graphite (14% rGO +1% graphite), but the sensing of Cu2+ 

was not achieved.   

 Glassy carbon electrode presents a good performance just for Cu2+ sensing, but due 

to the superior performance of the 20% graphite composite electrodes for Cd2+ and 

Pb2+ detection, this composite composition is selected to carry out further analysis.  

 To modify the surface of the 20% graphite composite electrode with HgNPs two 

synthetic routes were followed by using two different polymers giving different 

HgNPs. Poly(diallyldimethylammonium) chloride for Route A and polyvinyl alcohol 

for Route B. The HgNPsRouteA where Hg has an oxidation state of I, and these 

nanoparticles shows less aggregation and smaller particle size than the HgNPsRouteB. 

These differences lead to a better behavior of HgNPsRouteA in both its electrochemical 

characterizatión and in the metals’ measurement analysis.  

 Analysis of a mixed cation metal solution using the HgNPsRouteA modified composite 

electrode results in a decreased linear range for all metals, comparing to analyzing 

each metal individually. This narrowing of the linear range is likely caused by the 

cómplete óccupatión óf the electródes’ electroactive area by each reduced metal 

during the SWASV preconcentration step.  

 The performance of the sensors was good enough for the analysis of synthetic 

samples (dopped tap water). Regarding other real samples, different difficulties 

were found. In the case of the Mar Menor samples, it was not possible to repeat the 

measurements to be able to verify the obtained results due to the difficulty obtaining 

the samples. In the case of the digested samples from vineyards, due to the 

variations of the data sampling, stations, biological variability, composition sample 

etc. the obtained results with the developed method compared to the ICP ones 

(which is used as a reference method) were not entirely suitable.  

In the subsequent módificatión using β-CD-S-AuNPs@rGO and pólymersómes fór glucóse 

sensing, the suitable ratió óf graphite in the cómpósite tó have a próper biósensór was 15% 

(based ón previóus results and due tó the óptimized signal-nóise ratió). The detailed 

cónclusións óbtained are as fóllóws:  

 The previous loading of the enzyme was done by an in-situ, loading that 

means the Psomes assembling, and the loading is performed simultaneously, 

and the enzymes (GOx and CAT) can be found inside the Psomes but forming 

part of the wall or the external membrane.  A post-loading where the Psomes 

are formed, and the cargo is trapped inside the Psomes.  The optimization of 

the post-loading process of the nanozyme (Hemin chloride) and its derivates 
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has several difficulties which includes the precipitation of the free Hemin to 

the pH changes and with solubility problems at acidic pH. The precipitation 

towards pH changes was solved using Psomes to protect Hemin group by 

load on the Psomes, which is proved to enhance the stability. Also, the 

solubility problem was solved by forming a complex with (β-CD)2Hemin, 

which have been proved to have better solubility than other ratio complexes 

studied.  

 The use of a hybrid nanomaterial composed by loaded Psomes-β-CD-S-

AuNPs@rGO, to modify the surface of the composite electrode where each 

element has its proper function, seems to be a good option. Some 

components of this hybrid nanomaterial can mitigate the non-conductor 

effects of the Polymersomes.  

 Among all the materials tested, such as pyrrole, PDDA, tapes and stubs etc., 

the use of alginate as a support matrix of the hybrid nanomaterial seems to 

be a good choice even a disadvantage is that it is required a very complex 

procedure, starting with a drop-casting and the subsequent jellification 

manufacturing process.  

 The behavior of two block copolymers (BCP 880-1 and AS223) were check 

for the Psomes assembly. Comparing their properties in the Empty-Psomes 

(pH star and pH cycles and size) were found to be equivalent and used 

interchangeably. 

 Psomes can be loaded with natural enzymes for the glucose analysis 

purpose. When Glucose Oxidase loaded Psomes (GOx-Psomes) composite 

electrodes are prepared, the technique selected for the measurements is 

chronoamperometry in phosphate buffer saline 10 mM. In these conditions, 

the obtained results lead to an optimum measurement. 

 In the optimization of the chronoamperometry measurements for GOx-

Psomes electrodes in PBS 10 mM buffer the results lead to an optimum 

measurement at pH of 7.4. In addition, the application a of constant smooth 

stirring to get control of the diffusion layer and working potential of1.4 V 

applied each 5 min to perform the measurements were used.   

 Using Catalase-Psomes (CAT-Psomes) together with GOx-Psomes in the 

corresponding modified sensors a decrease on the measured current is 

found, which means that all the loaded Psomes can achieve communication 

between them. So, probably, the decrease of the current is a result of the fact 
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that part of the H2O2 generated by GOx, is consumed by CAT before to the 

detection stage.  

 The results of (β-CD)2-Hemin-Psomes modified composite electrodes and 

the CAT-Psomes composite electrodes have the same behavior, when the 

equivalent activity loads are used in the modification of the hybrid 

nanomaterial. The use of nanozymes, which are nanomaterials that have 

enzyme like behavior, have some advantages, such as its stability, compared 

to the natural enzymes. The obtained results confirmed that the use of CAT 

and (β-CD)2-Hemin, have a mimetic behavior and equivalent performance, 

when they are in the same activity effective inside the hybrid nanomaterial. 

Consequently, these natural enzymes and nanozymes can be used 

indistinctively.  

 The compartmentalization of Psomes proved to be a key point in monitoring 

the cascade reaction. Consequently, noticeably lower current intensities 

were óbserved when CAT ór (β-CD)2-Hemin-Psomes were incorporated into 

the hybrid nanomaterial at a percentage of 50% respect to 50% GOx-Psomes 

compared to the 50% GOx-Psomes sensors (containing only GOx). There, the 

compartmentation of natural enzymes (H2O2-producing and consuming 

enzymes) and nanozymes (H2O2-consuming nanozymes) in cascade reaction 

offers the possibility to modify the composite electrode using 

heterogeneously bioactive cargos in the alginate matrix. 

 

Future research will explóre the módificatión óf óther electróde types and the utilizatión óf 

additiónal Psómes cargós, including óther natural enzymes and nanózymes.  This nóvel 

appróach tó biósensór fabricatión cóuld pave the way fór demand-driven sensór 

develópment with impróved selectivity.
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7.1. Annex I: Vineyard sample digestion  

Sampling campaign invólved the cóllectión óf the different wastes próduced after the wine-

making prócess at CADES , the plant in charge óf treating wastes próduced in wineries in 

Penede s area. Samples included grape pómace (cómpósed óf grape skin, stems, and seeds), 

wastewater and sludge.  

Micrówave (MW) acid digestión óf sólid samples is required befóre metals analysis. Samples 

óf aróund 0.2 g were weighed in the digestión vessels, 10 mL óf nitric acid (HNO3) was added 

and left óvernight as a pre-digestión step. The fóllówing day, the vessels were placed in the 

micrówave and the samples were digested. The methódólógy fóllówed is described in EPA 

3051A abóut micrówave assisted acid digestión óf sediments, sludges, sóils, and óils. 
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